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Abstract:  A  thermo-economic  model  for  the  simulation  and  optimization  of  a  CSHPSS  (central  solar  heating  plant  with  seasonal 
storage)  is  presented.  The  model,  written  in  Matlab,  allows  to  analyze  the  effects  of  different  design  and  operating  variables  on  plant 
performance  and  cost.  Daily  and  seasonal  variations  of  solar  irradiation  at  different  latitudes  are  considered,  and  an  original 
approximate  model  for  thermal  stratification  is  included.  Since  a  limited  computational  time  is  required,  the  simulation  model  can  be 
effectively  integrated  with  a  non-linear  constrained  optimization  procedure  so  as  to  determine  the  optimal  choice  of  design  variables  for 
different  locations  and  operating  conditions.  The  comparison  between  a  two-variable  and  four-variable  optimization  for  five  different 
locations  at  various  latitudes  has  been  presented,  showing  a  significant  decrease  in  pay-back  time  with  latitude.  Finally  a  sensitivity 
analysis  on  the  most  important  design  and  operating  variables  has  been  performed  and  presented.  It  emerges  that  the  optimal  insulator 
thickness  always  decreases  with  latitude.  The  optimal  tilt  angle  is  slightly  lower  than  latitude  only  when  the  plant  is  designed  to  cover 
the  whole  thermal  load,  while  higher  tilt  values  are  selected  in  case  of  partial  load  covering. 

Key  words:  Solar  thermal  plant,  seasonal  storage,  model,  optimization. 


Nomenclature 

A 

Solar  collector  area  (m2) 

AM 

Air  mass  (/) 

Ay, 

Water  storage  area  (m2) 

D 

Day  index  (1-365)  (/) 

E 

Equality  constraint 

Ed 

Thermal  energy  demand  (kWh) 

Esun 

Solar  energy  (kWh) 

F 

Objective  function 

fsUN 

Solar  radiation  reduction  factor  (/) 

G 

Inequality  constraint 

H 

Hour  (1-24)  (/) 

h 

Solar  constant  =  1366  (W/m2) 

Irr 

Irradiance  (W/m2) 

ki,  k2 

Parameters  in  the  stratification  model 

L 

Insulation  thickness  (m) 

LB 

Lower  bound 
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p 

r  loss 

Reservoir  thermal  losses  (W) 

PsUN 

Solar  power  (W/m2) 

SUNf 

Solar  fraction  (/) 

Variable  in  collector  efficiency  model 

Ambient  temperature  (°C) 

^bottom 

Bottom  temperature  in  the  water  reservoir  (°C) 

h 

Ground  temperature  (°C) 

tm 

Solar  collector  mean  temperature  (°C) 

Maximum   allowed   temperature    in   the  water 

tmax 

reservoir  (°C) 

^mean 

Mean  temperature  in  the  water  reservoir  (°C) 

hop 

Top  temperature  in  the  water  reservoir  (°C) 

uhu2 

Parameters  of  the  collector  efficiency  model 

UP 

Upper  bound 

V 

Reservoir  volume  (m3) 

X 

Decision  variables 

z 

Zenith  angle  (rad) 

Greek  Symbols 

Solar  collector  efficiency  (/) 
r)0  Parameter  in  the  collector  efficiency  model 

Difference  between  top  and  bottom  temperature  in 

the  water  reservoir 
R  Tilt  angle  (rad) 
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S  Declination  (rad) 

8  Incidence  angle  (rad) 

X  Thermal  conductivity  (W/mK) 

<p  Latitude  (rad) 

W  Azimuth  (rad) 

co  Hour  angle  (rad) 

1.  Introduction 

The  perspective  depletion  of  fossil  fuels  and  the 
serious  concerns  about  climate  changes  due  to  CO2 
emission  in  the  atmosphere  are  strongly  stimulating  the 
recourse  to  renewable  energy  sources  and  to  energy 
savings  [1].  European  community  [2]  and  governments 
are  committed  to  achieving  significant  improvements 
in  terms  of  renewable  share  of  final  energy  (Fig.  1). 

Thermal  uses  represent  a  relevant  fraction  of  the 
energy  consumption.  Solar  thermal  power  is  largely 
used  in  many  countries,  particularly  in  China,  to  cover 
this  energy  demand  (Fig.  2).  At  the  end  of  2010,  a 
thermal  installed  power  of  185  GW  for  solar  collectors 
for  hot  water/space  heating  was  already  in  existence, 
and  other  30  GW  were  installed  during  2010  [1].  Solar 
plants  can  provide  part  of  the  thermal  power  needed  for 
space  heating,  but  they  have  an  intrinsic  drawback, 
since  most  of  the  solar  power  is  available  during 
summer,  when  the  demand  for  thermal  power  is  at  its 
minimum  level.  In  this  case,  most  of  the  thennal  power 
produced  during  summer  would  be  wasted. 

The  usage  of  solar-cooling  may  partly  overcome  this 
problem,  since  the  exceeding  thermal  power  could  be 
used  for  refrigeration  and  air-conditioning  through 
absorption  cooling  plants.  This  solution,  anyway,  is 
limited  by  the  relatively  high  cost  and  low  efficiency  of 
such  plants.  Moreover,  there  are  many  cases  in  which 
air-conditioning  is  not  needed:  significant  examples  are 
represented  by  schools,  normally  closed  during  summer. 

However,  combined  with  seasonal  heat  storage,  solar 
energy  can  make  a  major  contribution  to  heating.  When 
solar  energy  is  coupled  with  seasonal  energy  storage,  the 
system  is  known  as  a  CSHPSS  (central  solar  heating 
plant  with  a  seasonal  storage):  the  main  idea  of  these 
plants  is  to  store  energy  during  summer  and  to  retrieve  it 
during  the  winter.  The  essential  components  of  a  CSHPSS 
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Fig.  2  Solar  heating,  top  countries,  2009:  (a)  percent 
existing  [3]  and  (b)  added  capacity  [1]. 

system  include  an  array  of  solar  collectors,  a  storage 
system,  and  the  distribution  network  for  the  load  (Fig.  3): 
it  must  be  underlined  that  in  CSHPSS  the  capacity  of 
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Collector  array 


Fig.  3    General  representation  of  a  CSHPSS. 

the  seasonal  storage  must  be  large  enough  to  retain 
most  of  the  summer  energy  collected  and  at  the  same 
time  undergo  low  energy  losses. 

In  the  next  sections,  after  a  brief  review  of  the 
systems  for  seasonal  heat  storage  and  the  possible 
modeling  approaches,  a  model  for  simulation  and 
optimization  of  a  thermal  solar  plant  with  seasonal 
water  storage  is  presented  [4].  The  thermo-economic 
model  includes  the  description  of  thermal  stratification 
in  the  reservoir  by  means  of  an  original  correlation, 
validated  over  literature  data.  The  resulting  code  is 
therefore  characterized  by  limited  computational  time, 
being  so  suitable  for  optimal  design  analysis.  In  fact, 
while  most  studies  focus  on  the  analysis  of  storage 
volume  and  solar  panel  area  as  the  major  design 
variables,  there  is  a  lack  in  the  available  literature  on 
optimal  design  analysis  of  such  plants,  and  on  the 
effects  of  other  design  and  operating  variables,  such  as 
tilt  angle,  latitude  and  insulation  thickness.  The 
following  sections  show  a  sensitivity  analysis  based  on 
several  variables  on  five  European  cities  placed  at 
different  latitudes.  Such  analysis  has  been  carried  out 
after  comparing  the  data  resulting  from  optimization 
with  two  and  four  variables  with  the  aim  of  testing  their 
influence  on  plant  performance  and  costs. 


2.  Literature  Review:  Seasonal  Heat  Storage 
Systems 

In  the  last  decades,  several  pilot  projects  on  CSHPSS 
plants  have  been  developed,  mainly  in  central  and 
northern  Europe.  Attention  was  particularly  given  to 
the  costs  involved  in  heat  storage,  since  economic 
feasibility  is  the  most  critical  factor  for  this  technology. 

A  technical  assessment  of  the  different  technologies 
for  solar  thermal  energy  storage  is  presented  in  Ref.  [5]. 
Both  sensible  heat  and  latent  heat  storage  technologies, 
with  phase  change  materials,  can  be  adopted  [4,  5]. 
Storage  systems  are  usually  classified  as  "water 
storage",  "earth  storage",  "ground  diffusive  storage" 
and  "aquifer  storage"  [6-9]: 

•  Water  storage  use  tanks  constructed  from  concrete, 
steel  or  fiberglass.  The  tank  is  located  underground  to 
benefit  from  the  insulating  and  structural  properties  of 
the  surrounding  ground,  and  to  minimize  the 
above-ground  space  requirements.  Insulation  is  applied 
to  any  above-ground  surface  of  the  tank  [8,  10]; 

•  Earth  storage  (or  pit)  systems  are  essentially  large 
artificially-dug  holes  usually  filled  with  water  and 
gravel.  They  have  low  cost  and  ease  of  construction; 

•  In  ground  diffusive  storage  (or  Borehole  Systems), 
heat  is  stored  directly  in  the  ground.  Heat  exchangers 
are  installed  in  boreholes  drilled  in  ground  that  is 
suitable  for  heat  storage  [5,  11,  12].  Studies  have  also 
been  carried  out  on  use  of  ground  source  heat  pumps 

[ii]; 

•  In  aquifer  storage  systems,  a  naturally-occurring 
water-saturated  media  (usually  sand)  is  used  as  the 
storage  medium.  The  system  is  not  as  diffused  as  the 
previous  three  types. 

For  space  heating  applications,  usually  low 
temperature  (less  than  100  °C)  sensible  heat  storage  is 
used.  Water  is  the  most  suitable  thermal  storage  liquid 
in  such  temperature  range,  due  to  its  high  thermal 
capacity,  large  availability  and  low  cost. 

Since  the  90s,  several  pilot  and  demonstration 
CSHPSS  plants  have  been  built  in  Germany,  within  a 
governmental  R&D  program.  The  monitoring  of  such 
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plants  has  proved  to  be  well  matched  with  the 
simulation  performed  during  the  design  phase. 
Moreover,  no  major  problems  during  their  construction 
and  operation  occurred.  In  2003,  the  cost  for  solar 
heating  with  such  systems  were,  at  maximum,  twice  as 
high  as  the  conventional  heat  cost  [7].  An  accurate 
study  on  construction  techniques  and  costs  of  water 
seasonal  storage,  based  on  three  pilot  projects  in 
Germany,  has  been  published  in  1977  [13]:  a  unit  cost 
of  about  90  €/m3,  including  cost  for  insulation,  were 
estimated  for  large  volume  storage  (10.000  m  ),  while 
the  long  term  goal  was  set  to  about  50  €/m3. 

Studies  on  the  techniques  to  prevent  oxygen 
penetration  in  the  storage  were  performed  and  the  use 
of  steam  cushion  and  of  nitrogen  atmosphere  was 
discussed  [13]. 

The  thermal  performance  and  economic  feasibility 
of  two  types  of  central  solar  heating  systems  with 
seasonal  storage  in  Turkey  have  been  investigated  by 
Ucar  and  Inalli  [14,  15].  The  effects  of  different  ground 
types  were  studied  with  a  finite  element  analysis; 
pay-back  time  ranging  from  19  years  to  34  years  has 
been  found. 

A  study  on  a  CSHPSS  under  construction  in  Cheju 
island  (Korea)  is  also  available  [10]:  the  plant  has  been 
simulated  using  TRNSYS  to  predict  thermal 
performance  and  economic  outcomes  for  two  different 
types  of  solar  collectors  (flat  plate  and  vacuum  tube), 
and  the  return  of  investment  was  ranging  from  1 8  to  30. 

In  most  cases,  TRNSYS  simulation  model  has  been 
used  for  simulation  [16]  in  order  to  perform  a 
parametric  analysis  of  the  main  design  variables 
(storage  volume  and  solar  panels  area).  Although  an 
TRNOPT  (optional  optimization  tool)  was  available 
[16],  little  or  no  studies  in  literature  on  CSHPSS 
performed  via  optimization  analysis  can  be  found.  A 
study  on  the  optimization  of  a  near-zero  energy  solar 
home  via  Genetic  Algorithms  has  been  presented  [17], 
but  seasonal  storage  was  not  investigated.  In  order  to 
limit  the  computational  time  required  by  the 
optimization    analysis,    a    simplified  (one-zone) 


modeling  approach  was  used  [18].  In  case  of  a  seasonal 
storage,  a  multi-year  simulation  is  needed  in  order  to 
reach  steady  operation.  Following  recent  studies  of  the 
authors  [4],  a  simplified  model  of  a  thermal  solar  plant 
with  seasonal  storage,  also  considering  thermal 
stratification,  is  presented  in  next  section.  Thermal 
stratification  plays  an  important  role  in  the  thermal 
plant  management.  Stratification  has  been  studied  both 
experimentally  and  numerically  [19,  20]. 

Usually,  rather  complex  models  are  used  to  describe 
thermal  stratification  [16].  Although  these  models  are 
adequate  to  perform  detailed  design  analysis  of  the 
water  storage  system,  they  are  not  suitable  to  be 
integrated  in  optimization  studies,  normally  requiring 
hundreds  or  thousands  of  iterations. 

3.  Model  of  Thermal  Solar  Plant  with 
Seasonal  Storage 

A  simplified  analytical  model  of  solar  irradiation  has 
been  adopted,  able  to  describe  seasonal  and  daily 
variations  of  irradiance,  and  the  effects  of  latitude,  also 
considering  real  sky  conditions. 

Two  different  types  of  solar  collectors  have  been 
considered:  flat  pate  and  vacuum  tube.  Their  efficiency 
curves  are  shown  in  Fig.  4. 

A  parabolic  efficiency  curve  has  been  implemented 
in  the  model: 

V  =  Vo  +  UJ*  +  U2T*2  (1) 

Where, 

Irr 

The  parameters  for  the  two  collectors  are  presented 
in  Table  1 .  It  can  be  observed  that  the  quadratic  terms 
are  zero  (flat  plate)  or  almost  negligible  (vacuum  tube). 

In  order  to  precisely  estimate  solar  collector 
performance,  an  analytical  model  for  the  hourly 
ambient  temperature  has  been  developed,  considering 
sinusoidal  variations  between  daily  minimum  (at 
midnight)  and  maximum  temperatures  (at  midday). 
Daily  minimum  and  maximum  temperatures  are 
estimated  by  linear  interpolation  from  monthly  average 
values,  available  on-line  for  many  locations  [18].  The 
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Solar  collector  efficiency  curves 
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Fig.  4    Solar  collector  efficiency  curves. 

Table  1    Parameters  for  collector  efficiency  models. 


Collector  type 

m 

u, 

Uj 

Flat  plate 

0.7486 

-3.7465 

0 

Vacuum  Tube 

0.8131 

-2.16 

-0.001 

equations  of  the  solar  collector  simplified  performance 
model  are  reported  in  the  Appendix. 

Thermal  losses  are  estimated  by  the  following 
equation: 


Ploss      ,  Ast(j-mean  ^g) 


(3) 

as  a  function  of  insulation  thickness  L,  thermal 
conductivity  X,  storage  area  Ast,  mean  storage 
temperature  tmean  and  ground  temperature  tg.  This  latter 
is  computed  as  the  yearly  average  value  of  ambient 
temperatures,  for  each  location  [18]. 

About  stratifications  effect  in  this  paper,  a  simple 
model  based  on  the  synthesis  of  physical  data 
describing  the  most  relevant  aspects  of  thermal 
stratification  (grey-box  approach)  has  been  applied. 
The  model  has  been  developed  starting  from  a  detailed 
study  on  thermal  stratification  in  water  thermal  storage 
of  different  aspect  ratio  in  static  mode,  published  by 
Khalifa  et  al.  [19].  The  results  have  confirmed  that 
thermal  stratification  is  maximized  at  higher  aspect 
ratio  (i.e.,  AR  =  2),  while  it  is  less  pronounced  at  lower 
aspect  ratio  (AR  =  0.5).  AR  is  in  this  case  defined  as 
ratio  between  height  and  diameter. 

The  results  obtained  with  AR  =  1  are  shown  in  Fig.  5. 
This  figure  shows  stratification  effects  in  four 
subsequent  times  (a,  b,  c,  d).  For  each  time  frame,  the 


difference  AT  between  maximum  temperature  ttop  and 
minimum  temperature  ti,ottom,  and  the  mean  temperature 
tmean  (computed  as  the  mean  value  between  ttop  and 
tbottom)  have  been  computed  and  plotted  in  Fig.  6.  It  can 
be  observed  that  the  relationship  between  these 
variables  is  remarkably  linear. 

The  linear  model  expressing  the  difference  between 
top  and  bottom  temperature  as  a  function  of  mean 
temperature  (presented  in  Fig.  6)  has  been  then 
integrated  by  further  relations.  These  relations  express 
the  condition  that  thermal  stratification  tends  to  zero 
when  water  mean  temperature  approaches  external 
temperature  tmim  or  in  case  it  approaches  the  maximum 
allowed  water  temperature  tmax.  The  resulting  model, 
synthesized  in  the  following  Eqs.  (4)-(7),  is  shown  in 
Fig.  7. 


ttop      tmean  At/2 
tbottom  ~  tmean  ~  At/2 

At  =  rnin[(/q  +  k2tmean) 


2(.tmean  ~  ^mi?i 


)] 


(4) 
(5) 


(6) 
(7) 


At  >  0 

The  parameters  of  the  linear  model  kj  and  k2  in  Eq. 
(6)  have  been  identified  by  linear  regression  techniques: 
their  values  are  respectively  -7.7039  and  0.3329. 

The  model  has  been  validated  over  the  measured 
data  available  for  a  water  reservoir  of  a  CSHPSS  in 
Germany  [21].  The  mean  temperature  has  been 
computed  as  the  mean  of  top  and  bottom  measured 
temperature  (red  and  blue  lines).  Then,  the  estimated 
top  and  bottom  temperatures  (red  and  blue  dotted  lines) 
have  been  computed  by  means  of  the  model  Eqs. 
(4)-(7).  It  can  be  observed  that  the  matching  between 
measured  and  computed  data  is  quite  satisfactory, 
suggesting  that  most  of  thermal  stratification  occurring 
in  a  typical  water  reservoir  for  CSHPSS  can  be 
explained  considering  static  effects.  Some  significant 
deviations  occur  in  first  starting  phase,  where  transient 
effects  may  be  more  relevant.  Although  these  remarks 
cannot  be  generally  valid,  such  a  model  can  be  used  to 
make  an  approximate  estimate  of  thermal  stratification 
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Fig.  5    Thermal  stratification  in  static  conditions  in  a  water  storage  (aspect  ratio  =  1)  from  Ref.  [19]. 
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Fig.  6  Difference  between  top  and  bottom  temperature  vs. 
mean  temperature  in  a  water  storage  [19]. 


100 

90 


y  =  0.3329  x  (-7.7039) 
R2  =  0.9868 

*top 

*mean 

/,yy  ; 

Doitom 

*max 

60  70 
Urn,  (6C) 


Fig.  7   Thermal  stratification  model. 

in  water  if  a  more  detailed  model  is  unavailable  or 
cannot  be  used  because  of  an  excessive  computational 
time  (i.e.,  for  optimization  studies). 

The  model  is  numerically  integrated  from  given 
initial  conditions  for  a  certain  number  of  years,  until 
convergence  is  reached,  in  terms  of  difference  between 
initial  and  final  value  of  the  water  storage  temperature. 
The  thermal  and  economic  performance  is  then 
evaluated  with  reference  to  the  last  year.  A  variable 
step  4th  order  Runge-Kutta  method,  implemented  in 
the  "ode45"  routine  of  Matlab  [22],  has  been  used. 
Preliminary  numerical  studies  were  performed  in  order 
to  set  proper  values  of  maximum  allowable  integration 
step  and  of  termination  criteria,  in  order  to  find  the  best 
compromise  between  numerical  precision,  stability  and 
computational  time.  This  aspect  is  particularly  relevant, 
since  the  model  has  to  be  integrated  within  an 


optimization  procedure,  where  hundreds  of  iterations 
may  occur.  Computational  time  is  about  50  s  for  a  year 
simulation  (CPU  Intel®  Core™  i3,  4  GB  RAM,  3.07 
GHz). 

4.  Simulation  of  a  CSHPSS 

In  order  to  investigate  the  effects  of  design  variables 
in  a  CSHPSS,  both  simulation  and  optimization 
analyses  have  been  performed. 

4. 1  Parametric  Analysis 

A  first  parametric  analysis  has  been  performed  to 
assess  the  effects  of  storage  volume  V  and  solar  panel 
area  A,  indicated  as  the  most  influential  variables  in 
literature  [10].  V  and  A  were  therefore  varied  in  a  large 
range  of  values,  while  other  values  were  fixed:  all  the 
values  are  reported  in  Table  2.  Two  sets  of  simulations 
have  been  performed  both  for  a  plant  with  VT  (vacuum 
tube)  collectors  and  with  FP  (flat  plate)  collectors.  This 
first  set  of  results  has  been  conducted  considering 
latitude  and  insulation  data  of  Naples  [4]. 

Total  insulation  cost  is  computed  considering  unit 
cost,  insulation  thickness  and  area. 

The  graphs  presented  in  Fig.  8  show  the  storage 
temperature  versus  time  (in  hours)  for  three  different 
cases,  characterized  by  the  same  storage  volume  ( 1 ,000 
m3)  and  increasing  solar  panel  area  (100-200-300  m2). 
The  black,  red  and  blue  lines  represent  respectively  the 
mean,  top  and  bottom  water  temperature,  estimated  by 
the  stratification  model.  Temperature  trajectories  of 
both  starting  year  and  steady  solution  are  represented  in 
the  graphs. 

The  following  figures  from  Figs.  9-11  report  the 
solar  fraction  SUN/,  defined  as  the  fraction  of  the 
thermal  energy  demand  Ej  covered  by  solar  energy 
Esun,  versus  storage  volume  and  panel  area  for  all  the 
computed  cases: 


SUN. 


f 


Ed 
ESUN 


(8) 


The  contour  plots  of  payback  (Fig.  9),  mean  solar 
collector  efficiency  (Fig.  10)  and  storage  thermal 
losses  Fig.  1 1)  are  also  shown.  The  solutions  at  the  left 
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Table  2    Data  for  simulation  analysis. 

Components 

Values 

Collector  type 

Flat  plate 

Tilt  angle 

/I  AO 

Insulator  thickness  (m) 

n  tx 

\i.L  J 

Thermal  conductivity  (W/mK) 

A  A/1 

U.U4 

City 

Naples 

Tank"  vnlnmp  ( m-*^ 

?5-1  000 

Collector  area  (m2) 

25-1,000 

Temperature  radiators  input  (°C) 

35 

Temperature  radiators  output  (°C) 

30 

Thermal  load  (MWh/year) 

91.5 

Insulation  cost  (€/m3) 

48 

Panel  cost  flat  plate  (€/m3) 

300 

Panel  cost  vacuum  tube(€/m3) 

450 

Contour  plot:  Mean  Collector  efficiency  [%] 
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Fig.  8  Simulation  analysis.  Reservoir  temperature  (°C)  vs. 
time  (h).  Solar  surface  (A)  =  100-300  m2.  Reservoir  volume  (V) 
=  1,000  m3.  Collector  type:  flat  plate.  Location:  Naples. 

Contour  plat:  payback  [years] 


Fig.  9  Solar  fraction  vs.  reservoir  volume  (m ),  for 
different  solar  panel  area.  Dotted  lines:  pay-back  time 
(years).  Collector  type:  flat  plate.  Location:  Naples. 


Fig.  10  Solar  fraction  vs.  reservoir  volume  (m  ),  for 
different  solar  panel  area.  Dotted  lines:  solar  collector 
efficiency  (%).  Collector  type:  flat  plate.  Location:  Naples. 


Contour  plot:  reservoir  thermal  losses  r:.-:l 


Fig.  11  Solar  fraction  vs.  reservoir  volume  (m  ),  for 
different  solar  panel  area.  Dotted  lines:  reservoir  thermal 
losses  (%).  Collector  type:  flat  plate.  Location:  Naples. 

of  the  purple  line  are  characterized  by  heat  dissipation 
during  summer,  indicating  that  storage  volume  is 
undersized  with  regard  to  solar  panel  area.  This  case 
occurs  for  the  lower  graph  of  Fig.  9  (300  m  ):  In  fact, 
during  summer  part  of  solar  heat  must  be  dissipated,  to 
avoid  that  the  storage  temperature  exceeds  the 
maximum  allowed  temperature  (90  °C).  It  can  be 
observed  that  temperature  stratification  is  not  reported 
during  such  phase,  since  it  is  assumed  that  heat  from 
solar  panel  is  added  until  the  entire  storage  reaches  its 
maximum  allowable  temperature,  to  maximize  heat 
storage.  Solar  fraction  is  1 00%,  in  this  case  (Fig.  1 0).  In 
the  second  case  (A  =  200  m  )  maximum  temperature 
reaches  about  80  °C  and  no  dissipation  occurs,  while 
solar  fraction  comes  up  to  about  92%.  In  the  third  case 
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(A  =  100  m  )  the  storage  is  oversized  and  therefore 
underutilized:  Maximum  temperature  is  about  60  °C, 
and  solar  fraction  stops  at  about  59%.  The  best  payback 
is  reached  in  the  second  case  (A  =  200  m2)  (Fig.  9), 
while  the  third  case  (A  =  100  m2)  is  characterized  by 
higher  average  solar  collector  efficiency  (Fig.  1 0)  and 
lower  storage  losses  (Fig.  11),  due  to  lower  storage 
temperatures. 

The  study  of  the  results  (Figs.  9-11)  shows  that  the 
effect  of  solar  collectors  area  over  solar  fraction  is 
non-linear:  an  increase  in  solar  area  from  100  m  to  200 
m2  produces  a  significant  improvement  in  solar 
fraction  (from  approximately  43%  to  68%  at  the 
minimum  storage  volume),  while  passing  from  300  m2 
to  400  m2  results  in  a  much  lower  improvement  (from 
approximately  78%  to  85%).  Also  the  effect  of  storage 
volume  is  non-linear:  the  slope  of  the  constant  solar 
area  curves  is  positive  and  almost  constant  until  the 
saturation  conditions  (purple  lines)  are  reached, 
tending  to  assume  an  asymptotic  behavior  afterwards. 
The  observed  effects  of  storage  volume  and  panel  area 
over  solar  fraction  and  the  pay-back  time  values, 
ranging  from  15  years  up,  are  consistent  with  other 
studies  available  in  literature  [11,  14,  15]. 

5.  Optimization  Approach 

Non-linear  effects  occur  for  most  of  the  variables 
affecting  plant  performance.  In  this  case,  the  best  set 
of  design  variables  can  not  be  determined  solely  by 
analyzing  each  variable  independently  of  other 
variables,  since  they  are  interdependent.  Therefore, 
the  adoption  of  a  non-linear  optimization  approach  is 
required  [23].  The  plant  model  has  been  then 
integrated  with  a  nonlinear  constrained  optimization 
algorithm,  in  order  to  determine  the  optimal 
combination  of  design  and  operating  variables 
corresponding  to  the  best  values  of  the  performance 
indices.  The  mathematical  problem  is  formulated  in 
the  following  way: 

min/(x)  (9) 
G(x)<0  (10) 


E(x)  =  0  (11) 
LB  <  x  <  UB  (12) 

The  objective  function  fix)  is  represented  by  the 
simple  pay-back  time,  defined  as  the  ratio  between  the 
plant  cost  Cpian,  and  the  yearly  savings  S. 

The  plant  cost  is  computed  by  adding  up  the  cost  of 
(1)  solar  panels;  (2)  water  reservoir;  (3)  thermal 
insulator.  Yearly  savings  are  computed  as  the 
difference  from  fuel  cost  with  the  conventional  thermal 
plant  and  the  fuel  cost  for  auxiliary  with  solar  plant 
(This  latter  being  zero  in  case  that  solar  fraction  is 
100%),  in  correspondence  of  the  last  computed  year 
(i.e.,  at  steady  conditions). 

The  equality  constraint  Eq.  (11)  may  express  the 
condition  that  the  solar  fraction  must  be  equal  to  a 
given  value  (i.e.,  100%),  while  inequality  constraints 
Eq.  ( 1 0)  may  express  the  condition  that  no  dissipation 
occurs,  and  therefore  storage  temperature  is  always 
below  the  maximum  allowed  value. 

All  the  design  variables  are  assumed  to  be  positive, 
i.e.,  LB  =  0  in  Eq.  (12).  A  classical  2nd  order 
Quasi-Newton  approach  is  used  [23],  as  implemented 
in  the  routine  "fmincon"  of  the  optimization  toolbox  of 
Matlab  [22]. 

Preliminary  tests  have  been  performed,  to  verify  the 
functionality  of  the  procedure.  The  graphs  in  Fig.  12 
show  the  values  of  design  variables  (storage  volume 
and  panel  area)  and  of  the  objective  function  (pay-back 
time)  versus  the  iterations,  for  two  different  cases  (flat 
plate  and  vacuum  tube).  For  this  computation,  lower 
values  for  storage  cost  (40  €/m  )  and  for  insulation  cost 
(40  €/ni )  were  assumed  with  respect  to  the  values 
reported  in  Table  2. 

It  can  be  observed  that,  starting  from  arbitrary  initial 
values  (A  =  600  m2,  V  =  600  m3),  optimal  solutions  are 
found  in  both  cases  in  approximately  60  iterations. 
Very  similar  optimum  pay-back  time  was  obtained 
(about  17.9  years).  The  optimal  storage  volume  V  is 
also  quite  similar  in  the  two  cases  (about  1,130  m  ).  In 
case  of  vacuum  tube,  however,  lower  surface  is 
suggested  for  solar  panels,  as  expected  (Table  3). 
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Optimization  results:Flat  Plate 
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Fig.  12  Optimization  results: 
objective  function  vs.  iterations. 


design  variables  and 


Table  3  Optimization  results:  optimal  values  of  design 
variables  and  objective  function. 


Solar  collector  type 

V  (m3)  A  (m2) 

Pay-back  time  (year) 

Flat  plate 

1,125  239 

17.8 

Vacuum  tube 

1,136  161 

17.9 

^Optimized  values  for  five  different  cities. 

Computational  time  for  each  test  is  less  than  two 
hours  on  a  PC,  and  therefore  compatible  with  the  use  of 
model  for  design  purposes. 

The  optimization  analysis  has  been  done  for  five 
different  cities:  Messina,  Naples,  Turin,  Munich  and 
Hamburg.  For  each  city  payback  value  has  been 
minimized  considering  two  (area  and  volume)  or  four 
Variables  (area,  volume,  insulator  thickness  and  tilt 


angle). 

Payback  values  for  both  cases  are  shown  in  Fig.  13: 
until  latitude  45°  the  two  curves  almost  overlap,  while 
at  higher  latitudes  the  two  curves  tend  to  diverge. 
Pay-back  values  resulting  from  four-variable 
optimization  (curve  with  circles)  show  to  be  always 
lower  compared  to  those  obtained  optimizing  only 
volume  and  area  (upper  curve),  as  expected.  In  both 
cases  payback  grows  significantly  with  latitude,  with 
an  almost  linear  trend:  at  lower  latitudes  (Messina), 
payback  time  is  less  than  one  half  compared  to  higher 
latitudes  (Hamburg).  The  above  results  are  apparently 
mismatched  with  the  fact  that  these  plants  are  mostly 
studied  and  developed  in  central  Europe,  while  little 
attention  is  paid  to  them  in  southern  Europe. 

The  comparison  of  the  optimal  values  for  the 
optimized  variables  in  the  two  cases  (Tables  4  and  5) 
shows  that  quite  different  solutions  may  be  proposed 
for  reservoir  volume  and  panel  area  (i.e.,  Hamburg). 
Moreover,  the  optimal  tilt  angle  proposed  does  not 
seem  to  be  correlated  to  latitude,  while  there  is  a 
systematic  and  significant  increase  of  insulator 
thickness  with  latitude  (Table  5).  However,  the 
interpretation  of  such  outcomings  should  take  into 
account  that  tilt  angle  and  insulator  thickness  have 
much  lower  influence  on  plant  payback  compared  to 
the  other  decision  variables  (volume  and  area),  and  that 
therefore  their  optimal  values  might  be  affected  by  a 
significant  spread. 

Payback  time  vs  latitude 


w  oa  w      Latitude  (°)     ™  33  ou 

Fig.  13  Optimized  values  of  payback  at  different  latitudes 
with  2  or  4  variables. 
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Table  4  Optimized  values  with  an  optimization  in  2 
variables,  the  collector  is  a  flat  plate,  insulator  thickness  0.25 
m,  storage  cost  40  €/m2. 


City 

Messina  Naples  Turin 

Munich 

Hamburg 

T  atitnHe  f°i 

38 

40 

45 

48 

53.6 

V(m3) 

805 

1,033 

1,006 

1,095 

2,487 

A(m2) 

180 

241 

350 

433 

531 

VIA  (m) 

4.47 

4.29 

2.88 

2.53 

4.68 

Payback 

12.86 

17.36 

21.84 

26.06 

38.99 

Wasted  heat 

0 

0 

0 

0 

0 

Plant  cost  (k€) 

88.46 

119.53  151.04  179.99 

269.81 

Solar  energy 

,  kWh  s 

6.5 

5.41 

4.91 

4.22 

3.5 

m2day 

Heat  losses  (%) 

32.89 

40.63 

46.58 

47.11 

61.88 

Table  5  Optimized 

values  with  an 

optimization  in  4 

variables,  the  collector  is  a  flat  plate. 

City 

Messina  Naples 

Turin 

Munich 

Hamburg 

Latitude  (°) 

38 

40 

45 

48 

53.6 

K(m3) 

782 

972 

1,210 

1,043 

1,154 

A  (m2) 

165 

244 

253 

290 

414 

VIA  (m) 

4.74 

3.98 

4.79 

3.60 

2.79 

Payback 

12.76 

16.84 

21.12 

23.39 

31.68 

Wasted  heat 

0 

0 

0 

0 

0 

Plant  cost  (k€) 

88.77 

116.73 

147.35 

159.99  220.48 

Thick  (m) 

0.26 

0.26 

0.30 

0.47 

1.33 

Tilt  (deg) 

37.2 

36.9 

34.5 

41.4 

37.5 

Heat  losses  (%)  31.5 

38.73 

43.09 

21.91 

9.29 

6.  Sensitivity  Analysis 

Most  studies  in  literature  on  CSHPSS  plant  [7,  10, 
11,  14,  24,  25]  focus  on  the  effects  of  solar  panel  area 
and  reservoir  volume,  that  are  of  course  the  most 
important  design  variables  in  such  plants.  Anyway,  a 
significant  effect  may  be  played  by  other  design 
variables,  such  as  insulator  thickness  and  tilt  angle,  and 
also  by  other  exogenous  variables,  as  fuel  and  energy 
cost.  A  sensitivity  analysis  on  the  most  important 
design  and  operating  variables  has  been  performed 
through  the  simulation  model  and  presented  hereafter. 

The  study  has  been  performed  for  the  five  European 
cities  listed  in  the  previous  paragraph,  to  assess  the 
influence  of  latitude  on  payback  time.  The  results 
shown  in  the  following  graphs  refer  to  plants  with  a  flat 
plate  collector. 

Two  different  cases  have  been  analyzed,  considering 


different  values  of  collector  area  and  tank  volume,  for 
the  five  locations: 

(1)  Case  A:  fixed  values,  A  =  300  m2,  V  =  300  m3; 
solar  fraction  less  than  1 00%; 

(2)  Case  B:  optimized  values  with  2  variables;  solar 
fraction  is  100%  in  such  case. 

In  order  to  highlight  the  effects  of  latitude,  the  results 
for  Hamburg  (the  highest  latitude)  and  Messina  (the 
lowest  latitude)  have  been  compared  hereafter. 

In  the  next  paragraphs,  the  effects  of  insulator 
thickness  and  tilt  angle  are  presented,  while  the  effects 
of  latitude  are  summarized  at  the  end  of  the  chapter. 

6. 1  Effect  of  Insulator  Thickness 

The  payback  time  for  a  plant  in  Hamburg  attains 
quite  large  values  (about  40  years  for  Case  A,  and  27 
years  for  Case  B,  optimized),  as  shown  in  Figs.  14  and 
15,  where  the  lowest  values  are  marked  by  red  circles. 
It  can  be  also  observed  that  the  best  insulator  thickness 
differs  significantly  in  the  two  cases  (0.3  m  in  Case  A 
and  0.7  m  in  Case  B,  where  the  reservoir  volume  is 
much  greater). 

The  payback  values  of  a  plant  in  Messina  are  much 
lower  than  in  previous  case  (about  1 7  years  in  Case  A  and 
13  years  in  Case  B).  Moreover,  payback  values  are  much 
less  sensitive  to  insulator  thickness  (Figs.  16  and  17), 
with  the  minimum  value  in  both  cases  of  about  0.2  m. 

In  Case  B,  it  can  be  noticed  that  a  linear  trend 
follows  the  minimum  value. 

Insulator  thickness  Analysis 
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Fig.  14   Payback  time  for  Hamburg  with  Case  A  values. 
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Fig.  15    Payback  time  for  Hamburg  with  Case  B  values. 
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Fig.  16   Payback  time  for  Messina  with  Case  A  values. 
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Fig.  17   Payback  time  for  Messina  with  Case  B  values. 

6.2  Effect  of  Tilt  Angle 

Payback  time  values  in  Hamburg  for  Case  A  are 
almost  constant  in  a  large  range  of  tilt  angles  (30°-60°) 
(Fig.  18),  while  for  Case  B  (Fig.  19)  the  trend  of  the 
payback  is  almost  regular,  as  a  second  order  curve,  and 
the  minimum  value  is  reached  at  a  tilt  angle  value 
lightly  lesser  than  Hamburg  latitude  angle. 
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Fig.  18   Payback  time  for  Hamburg  with  Case  A  values. 
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Fig.  19   Payback  time  for  Hamburg  with  Case  B  values. 

A  similar  result  has  been  obtained  also  for  the  other 
cities:  the  minimum  value  of  payback  time  is  reached  at 
a  tilt  angle  slightly  lesser  than  the  latitude  of  the  place. 
The  comparison  of  the  results  obtained  at  lowest 
latitudes  (Messina),  for  Cases  A  and  B  (Figs.  20  and  21) 
looks  quite  interesting.  While  in  the  optimal  Case  B, 
the  best  tilt  angle  is  near  the  latitude,  for  case  A  the  best 
payback  is  found  at  much  higher  values  (60°).  This 
result  can  be  explained  considering  that  in  Case  A,  the 
reservoir  volume  is  undersized,  and  does  not  allow  to 
store  all  the  solar  energy  collected  during  summer. 
Therefore,  it  is  more  convenient  to  adopt  higher  tilt 
angles,  in  order  to  maximize  the  solar  radiation  during 
winter  time. 

7.  Conclusions 

The  economic  feasibility  of  thermal  solar  plants  with 
seasonal  water  storage  has  been  recently  improved,  due 
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Fig.  20    Payback  time  for  Messina  with  Case  A  values. 
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Fig.  21    Payback  time  for  Messina  with  Case  B  values. 

to  the  parallel  increase  of  fuel  cost,  decrease  of  solar 
collectors  cost  and  the  adoption  of  incentives  in  some 
countries  including  Italy  [26].  In  spite  of  all  this, 
systematic  studies  on  optimal  design  of  such  plants  are 
still  missing  in  literature.  A  thermo-economic  model 
suitable  both  for  simulation  and  optimization  analysis 
has  been  presented,  including  an  original  approximate 
description  of  thermal  stratification.  An  extensive 
parametric  analysis  on  the  effects  of  storage  volume 
and  panel  area  over  solar  fraction,  pay-back  time, 
average  collector  efficiency  and  thermal  losses  has 
been  presented  and  discussed. 

An  optimization  analysis  has  been  performed,  with 
two  and  four  decision  variables,  and  the  results  have 
been  commented.  The  results  show  that  the  benefits  of 
a  complete  (i.e.,  four  variables)  optimization  tend  to 
increase  at  higher  latitudes. 
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The  parametric  analysis  has  confirmed  that  panel 
area  and  reservoir  volume  are  the  most  influential 
variables,  as  expected.  It  has  also  been  observed  that 
the  optimal  tilt  angle  is  slightly  lower  than  latitude, 
when  the  plant  is  designed  to  cover  the  whole  thermal 
load,  while  higher  tilt  values  may  be  convenient  in  case 
of  partial  load  covering  (lower  solar  fraction).  Optimal 
insulator  thickness  always  decreases  with  latitude,  as 
expected. 

Finally,  the  results  have  shown  that  the  economic 
feasibility  of  such  plants  improves  significantly  at  low 
latitudes.  Such  a  conclusion  clashes  with  the  fact  that 
these  solutions  are  not  so  commonly  adopted  in 
countries  at  lower  latitude,  such  as  Italy,  with  respect  to 
countries  like  Germany  and  Sweden,  where  these 
plants  have  been  mostly  studied. 
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Appendix  A 

The  following  equations  describe  the  solar  power  absorbed  by  a  solar  collector  with  tilt  angle  (3  and  azimuth  in  a  location  of 
latitude  cp;  to  compute  these  values  next  equations  have  been  presented  and  also  shown  in  Ref.  [27].  The  model  predicts  the  direct  solar 
irradiance  with  sunny  sky  Irr.  The  reduction  factor fSUNis  introduced  in  0  to  predict  irradiance  under  real  sky  conditions.  This  factor  has 
been  identified  for  different  locations  (Fig.  1A),  starting  from  average  real  monthly  solar  data  [28]. 

/     284  +  d\  ,lAN 

S  =  0.4093  sin  2?r— -—  (1A) 
V        365  / 

a)  =  2tt(12  -  h)/24  (2A) 

z  =  a  cos(sin  8  sin  (p  + 

(3A) 

cosS  cos  (p  cos  of) 


Effects  of  Latitude  and  Design  Variables  on  Performance  and  Cost  of  a 
Solar  Heating  System  with  Seasonal  Storage 


AM  -  min  [l/sin     -  z)  ,  38] 


Irr  =  1.1- L  -0.7 


AM 


¥sun 


a  cos 


sin  8  cos  cp  -  cos  <x>  cos  8  sin  cp 


cos 


n 

 z 

2 


6  =  a  cos 


cos 


cos(^-^5[/A,)-sin/? 
^swv  =Irr-fSUN-cos0 


Napoli 

Messina 

Torino 

Hamburg 

Munich 

413 

(4A) 
(5A) 


(6A) 


(7A) 


(8A) 


10       11  12 


Fig.  1A    Solar  reduction  factor  for  different  locations. 
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Abstract:  Generally  speaking,  hydraulic  control  systems  can  be  divided  into  two  different  driving  concepts.  The  first  one  is  the 
well-known  hydraulic  valve-controlled  system  and  the  second  one  is  the  pump-controlled  system.  The  former  possesses  the  feature  of 
fast  dynamic  response.  However,  the  poor  energy-saving  performance  is  its  major  fault.  On  the  contrary,  the  hydraulic  pump-controlled 
system  has  the  significant  advantage  of  energy-saving  which  meets  the  current  demand  in  modern  machine  design.  In  this  paper,  the 
simulation  analysis  using  MafLab/SimuLink  and  DSHplus  software  for  a  newly  developed  energy-saving  hydraulic  tube  bender  is 
conducted.  Instead  of  the  conventional  fixed  displacement  hydraulic  pump,  the  new  hydraulic  tube  bender  utilizes  an  internal  gear 
pump  with  AC  servomotor  as  its  driving  power  source.  In  the  new  energy-saving  hydraulic  circuit,  the  use  of  conventional  pressure 
relief  valve  and  unloading  valve  are  no  longer  necessary  since  the  demanded  flow-rate  and  pressure  output  can  be  precisely  obtained  by 
continuously  changing  the  speed  of  the  AC  servomotor.  In  addition,  two  closed-loop  control  schemes  using  fuzzy  sliding-mode 
controller  are  adopted  and  compared.  To  compare  the  energy-saving  control  systems,  such  as  load-sensing  control  system,  constant 
supply  pressure  control  scheme  and  conventional  hydraulic  control  scheme.  Furthermore,  the  simulation  results  also  show  that  the 
newly  developed  hydraulic  tube  bender  can  save  up  to  43%  of  energy  consumption  in  a  working  cycle  as  compared  to  the  conventional 
hydraulic  tube  bender. 


Key  words:  Hydraulic  energy-saving,  pump-controlled  system,  fluid  power,  tube  bender. 


Nomenclature 

Designation  Denotation  Unit 


A  Piston  average  area  (m2) 

Aa  Piston  actuating  area  (chamber  A)  (m2) 

Ab  Piston  actuating  area  (chamber  B)  (m2) 

B  Flow  constant  (m2/min-Vbar) 

b  Newton's  friction  coefficient        (N  s/m) 

Cd  Flow  coefficient  (-) 

dv  Spool  diameter  (mm) 

Eoil  Oil  bulk  modulus  (bar) 

FL  Disturbance  load  (N) 

M  Mass  of  load  (kg) 

jV  Reference  rotational  speed  input  (rpm) 

pLs  Load-sensing  pressure  (bar) 

ps  Supply  pressure  (bar) 

e Volumetric  flow-rate  going  into  ,T  ,   .  , 

a  ^     i     i      a  (L/min) 

"  the  chamber  A  v  ' 

_  Volumetric  flow-rate  coming  out  „  ,  .  . 

G*  of  the  chamber  B  (L/mln) 

Qs  Supply  flow-rate  (L/min) 
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APset 

Reference  pressure  drop  Input 

(bar) 

p 

1  sset 

Reference  supply  pressure  Input 

(bar) 

P 

1  pump 

Power  consumption  of  pump 

(kW) 

T 

Time  constant  of  AC  servomotor  (s) 

u 

Actuating  signal 

(V) 

Vp 

Pump  displacement 

(cc) 

Va 

Volume  of  chamber  A 

(m3) 

vb 

Volume  of  chamber  B 

(m3) 

V 

v  pipe 

Volume  of  connecting  pipe 

(m3) 

xv 

Spool  displacement 

(mm) 

Y 

Displacement  of  cylinder  piston 

(m) 

Y 

Velocity  of  cylinder  piston 

(m/s) 

Y 

Acceleration  of  cylinder  piston 

(m/s2) 

P 

Oil  density 

(kg/m3) 

1.  Introduction 


Nowadays,  hydraulic  systems  still  play  a  very 
important  role  in  modern  industry  due  to  the  large 
output  force,  high  power/weight  ratio  and  excellent 
stiffness.  Research  in  the  field  of  hydraulic  control 
system  has  been  published.  The  publications 
concentrated  on  the  parallel  control  of  the  motion 
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control  and  energy-saving  control  on  a  hydraulic  valve 
controlled  system.  Rotational  speed  control  and 
load-sensing  control  on  a  hydraulic  valve  controlled 
motor  system  were  integrated  using  PID  control 
(Proportional-Integral-Derivative  controller)  [1].  In  this 
paper,  a  conventional  hydraulic  tube  bender  shown  in 
Fig.  1  is  chosen  for  the  study  of  implementing  the 
hydraulic  energy-saving  design.  Fig.  2  shows  a  typical 
working  cycle  of  the  chosen  hydraulic  tube  bender  [2].  It 
is  observed  that  eight  sequential  steps  are  required  to 
complete  the  90  degrees  bending  of  a  straight  tube.  They 
are:  (A)  advancing  the  main  pushing  unit;  (B)  clamping 
the  tube;  (C)  advancing  the  bending  unit  together  with 
auxiliary  pushing  unit  and  bending  the  tube  (90  degrees); 
(D)  retracting  the  main  pushing  unit,  (E)  releasing  the 
clamping  of  tube;  (F)  retracting  the  auxiliary  pushing 
unit;  (G)  removal  of  tube  and  (H)  retracting  the  bending 
unit.  Fig.  3  shows  eight  sequential  schemes  to 
demonstrate  these  eight  steps.  In  the  hydraulic  circuit  of 
a  conventional  tube  bender,  a  fixed-displacement  vane 
pump  is  generally  utilized  as  shown  in  Fig.  4.  In  addition, 
a  pilot-operated  pressure  balanced  relief  valve  together 
with  a  two-way  solenoid  operated  valve  is  used  as  well 
to  construct  the  unloading  circuit.  However,  the 
hydraulic  supply  pressure  of  the  conventional  tube 
bender  has  to  be  set  at  the  maximal  demanded  pressure 
of  120  bar  to  ensure  the  proper  function  of  all  eight  steps. 
Thus,  from  Fig.  2,  it  is  clear  that  huge  energy  lost  in  the 
working  cycle  is  inevitable  since  only  the  step  C  requires 
the  maximal  supply  pressure  of  120  bar.  For  the  rest 
seven  steps,  however,  the  actually  demanded  supply 
pressure  is  much  lower  than  the  maximal  pressure  of 
120  bar  [2,  3].  On  the  other  hand,  recent  performance 
improvements  in  the  AC  servomotor  provide  a 
promising  alternative  to  design  the  energy-saving 
hydraulic  circuit  [4-7].  In  details,  the  demanded 
flow-rate  and  pressure  output  of  the  hydraulic  pumping 
unit  can  be  precisely  obtained  by  continuously  changing 
the  speed  of  the  AC  servomotor.  In  this  paper,  therefore, 
the  implementation  of  energy-saving  design  is  mainly 
based  on  the  AC  servomotor-controlled  scheme.  In  the 


Fig.  1    A  hydraulic  tube  bender  [5]. 
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Fig.  2    Demanded  pressure  in  a  working  cycle. 


Fig.  3  Eight  sequential  schemes  to  demonstrate  the  eight 
steps  of  tube  bending. 
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Fig.  4  Schematic  circuit  diagram  of  a  conventional 
hydraulic  tube  bender. 

following,  the  proposed  energy-saving  control  scheme 
is  firstly  outlined. 

2.  Energy- Saving  Control  Scheme 

In  this  paper,  two  closed-loop  control  schemes  using 
fuzzy  sliding-mode  controller  are  adopted  and 
compared.  The  first  one  is  load-sensing  control  strategy 
and  the  other  one  is  constant  pressure  control  scheme 
[4].  Fig.  5  shows  the  block  diagram  of  the  load-sensing 
control.  A  fixed  pressure  drop,  Apset,  across  the  control 
solenoid  valve  serves  as  the  reference  input.  The  load 
pressure,  pLs,  is  measured  by  a  pressure  sensor  and 
fedback  to  the  closed-loop  control  system  to  ensure  that 
the  supply  pressure,  ps,  can  be  real-time  adjusted 
according  to  the  variable  load  pressure.  Consequently, 
the  actual  pressure  drop,  Ap  =  ps  -  pLs,  can  be 
maintained  as  a  constant  by  the  closed-loop  control.  On 
the  other  hand,  Fig.  6  shows  the  block  diagram  of 
constant  pressure  control.  In  this  configuration,  the 
reference  supply  pressure  input,  Psset,  is  varied 
according  to  the  different  demanded  pressure  levels  at 
various  steps  as  shown  in  Fig.  2.  Thus,  the  reference 
supply  pressure  input  is  actually  not  a  constant  and  has 
to  be  changed  at  different  steps.  Besides,  it  is  worth 
mentioning  that  the  fuzzy  sliding-mode  scheme  is 
chosen  as  the  closed-loop  controller  because  it 
provides  a  dither-like  chattering  signal.  Such  a  signal  is 
proven  to  be  effective  to  overcome  the  nonlinear 
friction  disturbances  [1]. 

The  combination  of  fuzzy-logic-controller  with 
sliding  mode  controller  results  in  the  fuzzy  sliding-mode 
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Fig.  5    Load-sensing  control  block  diagram. 
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Fig.  6    Constant  pressure  control  block  diagram. 


Fig.  7    Scheme  of  the  proposed  fuzzy  sliding-mode  control. 

controller.  As  an  example,  the  constant  pressure 
control  scheme  combining  the  fuzzy  sliding-mode 
controller  is  illustrated  as  follows.  Fig.  7  shows  the 
schematic  block  diagram  of  the  fuzzy  sliding-mode 
controller.  The  error  signal,  e(k),  and  the  error  signal 
change,  Ae(k),  are  denoted  by  xj  and  %2  respectively, 
that  is: 

xi  =  e(k)  =  psset  -  ps  (1) 
x2  =  Ae(k)  =  e(k)  -  e{k-l)  (2) 
where,  psset:  reference  supply  pressure  input,  ps :  actual 
supply  pressure. 

Unlike  the  conventional  controller,  there  are  four 
procedures  involved  in  the  implementation  of  a  fuzzy 
sliding-mode  controller,  fuzzification  of  the  input, 
fuzzy  inference  based  on  the  knowledge,  the 
defuzzification  of  the  rule-based  control  signal  and  the 
determination  of  the  scaling  factors. 

2, 1  Fuzzification 

The  proposed  fuzzy  sliding-mode  controller  requires 
only  one  input  signal,  s,  which  is  exactly  the 
combination  of  the  parameters  Xj  and  x2. 

s  =  hci  +  X2  (3) 

The  usual  triangular  fuzzy  membership  functions  for 
the  input  signal,  s,  and  for  the  output  signal,  u,  are 
utilized.  The  input  signal  also  represents  the  switching 
surface  of  the  sliding  mode  controller. 
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2.2  Inference 

The  inference  process  consists  of  nine  typical  rules 
driven  by  the  linguistic  values  of  the  input  signal,  s. 
There  are: 

If  S  is  very  large-positive,  then  U  is  very 
large-positive; 

If  S  is  large-positive,  then  U   is  large-positive; 

If  S  is  medium-positive,  then  U  is 
medium-positive; 

If  S  is  small-positive,  then  u   is  small-positive; 

If  s  is  zero,  then  U   is  zero; 

If  S  is  small-negative,  then  u   is  small-negative; 

If  S  is  medium-negative,  then  U  is 
medium-negative; 

If  s  is  large-negative,  then  U   is  large-negative; 

If  S  is  very  large-negative,  then  U  is  very 
large-negative. 

2.3  Defuzzification 

The  defuzzification  is  to  transform  control  signal 
into  exact  control  output.  In  the  defuzzification,  the 
method  of  center  of  gravity  is  used. 


(4) 


where, 

u:  output  of  the  fuzzy  sliding-mode  controller; 
W(.  the  degree  of  firing  of  the  2$  rule; 
B;.  the  centroid  of  the  consequent  fuzzy  subset  of  the 
ith  rule. 

2.4  Determination  of  Scaling  Factors,  GS  and  GU 

Before  the  input  signal,  s,  is  fed  into  the 
fuzzy-sliding  mode  controller,  it  has  to  be  multiplied 
by  the  scaling  factor,  GS,  so  that  the  product  is 
normalized  in  the  interval  [-1,  1].  Similarly,  the  output 
signal  of  the  fuzzy-sliding  mode  controller,  u,  is 
multiplied  by  the  scaling  factor,  GU,  to  meet  the  actual 
operating  voltage  range,  -10  V  to  10  V,  of  the  AC 
servomotor.  It  is  also  worth  mentioning  that  the  values 


of  the  factors,  GS  and  GU,  affect  the  system  response 
greatly. 

3.  Modeling,  Simulation  Results  and  Discussion 

In  this  paper,  two  commercial  software  packages, 
the  MatLab/SimuLink  and  DSHplus,  are  chosen  as 
simulation  tools  to  analyze  the  energy-saving 
performance.  Firstly,  the  modeling  procedure  by 
MatLab/SimuLink  will  be  outlined. 

The  dynamics  of  the  utilized  AC  servomotor  can  be 
simplified  as  a  first-order  function.  In  addition,  a 
simplified  model  for  a  typical  single-acting  hydraulic 
cylinder  is  shown  in  Fig.  8.  The  volumetric  flow-rate 
output  of  the  hydraulic  pump  is  given  by  Merritt  [3]. 

Qs  =  Vp  x  (1  -  e~l/T)N  (5) 
where,  Vp:  displacement  of  pump;  T:  time  constant  of 
AC  servomotor;  TV:  reference  rotational  speed  input. 

In  practice,  the  time  constant,  T,  can  be  derived 
from  the  data  sheet  of  the  AC  servomotor  and  is 
estimated  to  be  50  ms  [8]. 

From  continuity  equation,  the  dynamic  model  for 
the  supply  pressure  can  be  simplified  as: 

(Qs-Qa)  (6) 


dP1  =  _E_ 

dt  V„ 


where,  Qa  denotes  the  volumetric  flow-rate  going  into 
the  chamber  A  of  cylinder  and  can  be  described  by: 

Qa  =  BXj(Ps-Pa)  (7) 
Similarly,  the  volumetric  flow-rate  coming  out  of  the 
chamber  B  of  cylinder  can  be  obtained  as: 
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Fig.  8  A  simplified  model  for  a  single-acting  hydraulic 
cylinder  [2]. 
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Qb  =  BXv4~P~b  (8) 
where,  XY :  spool  displacement;  B:  flow  constant. 

Since  the  switching  directional  control  valve  is 
utilized  in  the  circuit  design,  the  spool  displacement, 
Xv,  is  set  to  be  the  maximal  stroke  +3  or  -3  mm. 

The  flow  constant,  B,  in  Eq.  (8)  can  further  be 
expressed  as: 

B  =  Cdndvj2Tp  (9) 

where, 

Cd-  flow  coefficient; 

dv:  diameter  of  the  valve  spool; 

p:  density  of  the  hydraulic  oil. 

If  the  internal  and  external  leakages  of  the  cylinder 
are  both  negligible,  the  simplified  dynamic  pressure 
equations  for  both  chambers  of  the  cylinder  are: 

dPQ  _  Soil 


cit 


Vn  +  V„ 


Eoil 


dPb  __   

dt  Vb+V 


(Qa  -  AY) 


{-Qb+AY) 


(10) 
(11) 


where, 

Eoii.  bulk  modulus  of  oil; 
Va:  volume  of  chamber  A; 
Vh:  volume  of  chamber  B; 

V pipe 

:  volume  of  connecting  pipe; 
A:  average  area  of  piston; 

Y  :  velocity  of  the  piston. 

Finally,  the  equation  of  motion  is  given: 

MY  +  bY  =  AaPa-AbPb-FL  (12) 

where, 

M:  mass  of  load; 

Y  :  acceleration  of  piston; 

b:  Newton's  friction  coefficient; 
Aa:  actuating  area  of  piston  in  chamber  A; 
Ab:  actuating  area  of  piston  in  chamber  B; 
FL:  disturbance  load. 

Thus,  the  MatLab/SimuLink  model  for  the 
single-acting  hydraulic  cylinder  is  shown  in  Fig.  9.  Since 
there  are  totally  five  hydraulic  cylinders  in  the 
conventional  tube  bender,  the  whole  hydraulic  circuit 
model  containing  five  single-acting  hydraulic  cylinders 
built  by  MatLab/SimuLink  is  shown  in  Fig.  10.  On  the 


Fig.  9  MatLab/SimuLink  model  for  the  single-acting 
hydraulic  cylinder. 
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Fig.  10  MatLab/SimuLink  model  for  the  conventional 
hydraulic  tube  bender. 
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Fig.  11  Hydraulic  circuit  model  built  by  DSHplus  for 
conventional  tube  bender. 
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other  hand,  to  double  check  the  validity  of  the  above 
mentioned  modeling  and  simulation,  the  hydraulic 
circuit  model  for  the  same  conventional  tube  bender  by 
using  the  second  commercial  software  package 
DSHplus  is  established  and  shown  in  Fig.  11.  Fig.  12 
shows  the  simulation  displacements  of  the  main  pushing 
cylinder  by  two  different  software  packages  respectively. 
Similarly,  two  calculated  actuating  pressure  curves  of 
the  main  pushing  cylinder  are  also  depicted  in  Fig.  13. 
Obviously,  from  Figs.  12  and  13,  the  calculated  cylinder 
displacements  as  well  as  actuating  pressure  curves 
derived  from  MatLab/SimuLink  and  DSHplus 
respectively  are  almost  identical.  It  can  therefore  be 
verified  that  the  modeling  procedure  and  simulation 
results  by  MatLab/SimuLink  are  reliable  and  can  be 
used  for  further  energy-saving  analysis. 

It  is  worth  mentioning  that  the  block  diagram  shown 
in  Fig.  1 1  is  actually  an  open  loop  control  scheme.  It  is 
necessary  to  incorporate  the  proposed  fuzzy 
sliding-mode  controller  into  the  control  structure  and 
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Fig.  12  Simulation  cylinder  displacements  of  the  main 
pushing  unit  by  two  different  software  packages  (open  loop), 
(a)  MatLab/SimuLink  results;  (b)  DSHplus  results. 


form  a  closed-loop  control  block  diagram.  In  addition, 
two  proposed  control  schemes,  the  constant  pressure 
control  and  load-sensing  control,  have  also  to  be 
implemented.  Thus,  based  on  the  simplified  block 
diagrams  shown  in  Figs.  5  and  6,  two  comprehensive 
closed-loop  control  block  diagrams  can  be  obtained  as 
shown  in  Figs.  1 4  and  1 5,  respectively.  In  the  following, 
the  control  performances  of  these  two  closed-looped 
control  schemes  will  be  discussed  and  compared. 

After  adequate  simulations,  all  important  data  and 
information  of  the  whole  tube  bender  system,  like  the 
pressure  and  flow-rate  etc.,  can  be  obtained.  The  power 
consumption  of  the  pumping  unit  can  easily  be 
calculated  by  the  following  Eq.  (13). 

n  _  PsXQs 


'  pump 


600 


(13) 


where, 


Ppum  '■  power  consumption  of  the  pump; 
ps:  supply  pressure; 
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Fig.  13  Simulation  actuating  pressure  curves  of  the  main 
pushing  unit  by  two  different  software  packages  (open  loop), 
(a)  MatLab/SimuLink  results;  (b)  DSHplus  results. 
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Fig.  14  Closed-loop  load-sensing  control  block  diagram  for 
the  main  pushing  cylinder. 


Fig.  15  Closed-loop  constant  pressure  control  block 
diagram  for  the  main  pushing  cylinder. 


Qs\  supply  flow-rate. 

As  an  illustrated  example,  the  simulation  results  of 
supplied  actuating  pressure  and  volumetric  flow-rate 
by  load-sensing  control  for  the  main  pushing  cylinder 
are  shown  in  Fig.  1 6,  where  the  pressure  drop,  Apset,  is 
set  to  be  3  bar.  It  is  noticeable  that  both  the  pressure  and 
flow-rate  curves  for  the  advance  and  retraction  of  the 
main  pushing  cylinder  are  depicted.  In  addition,  Fig.  17 
shows  the  similar  simulation  results  by  constant 
pressure  control  scheme,  where  the  reference  supply 
pressure  input,  Psset,  is  set  to  be  90  bar  according  to  the 
demanded  pressure  level  at  step  A  shown  in  Fig.  2. 
Comparing  Figs.  16  and  17,  it  is  actually  not  easy  to 
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Fig.  16  Simulation  results  of  (a)  supplied  actuating 
pressure  and  (b)  volumetric  flow-rate  by  load-sensing 
control  for  the  main  pushing  cylinder. 

tell  the  differences  of  the  pressure  and  volumetric 
flow-rate  signals  during  the  advance  and  retraction 
phases  of  the  main  pushing  cylinder.  However,  if  Eq. 
(13)  and  appropriate  numerical  calculations  are  applied 
to  evaluate  the  power  consumption,  the  difference  of 
driving  power  between  two  utilized  closed-loop  control 
strategies  for  the  main  pushing  cylinder  in  one  working 
cycle  is  more  obvious  as  shown  in  Fig.  18. 

It  is  worth  mentioning  that  the  energy-saving 
analysis  using  DSHplus  is  not  executed  in  this  paper 
because  the  proposed  fuzzy  sliding-mode  controller  is 
not  available  in  the  current  library  of  the  commercial 
software  package  DSHplus. 

Table  1  shows  the  comparisons  of  overall  energy 
consumption  of  pumping  unit  between  the  conventional 
and  newly  designed  energy-saving  hydraulic  tube 
bender.  It  is  observed  that  the  energy-saving  performance 
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Fig.  17  Simulation  results  of  (a)  supplied  actuating 
pressure  and  (b)  volumetric  flow-rate  by  constant  pressure 
control  for  the  main  pushing  cylinder. 

of  constant  pressure  control  scheme  is  somewhat  better 
than  that  of  load-sensing  control  scheme.  Furthermore, 
the  simulation  results  also  show  that  the  newly 
designed  hydraulic  tube  bender  can  save  up  to  43%  of 

Table  1    Comparisons  of  energy  consumption  between  conventional  and  new  energy-saving  hydraulic  tube  bender 


Timefsec) 

Fig.  18  Simulation  results  of  power  consumption  between 
two  utilized  closed-loop  control  strategies  for  the  main 
pushing  cylinder. 

energy  consumption  in  a  working  cycle  as  compared  to 
the  conventional  hydraulic  tube  bender.  These  results 
prove  the  validity  of  the  proposed  energy-saving 
hydraulic  circuit  design  as  well  as  the  effectiveness  of 
proposed  closed-loop  control  schemes. 

4.  Conclusions 

In  this  paper,  a  new  energy-saving  hydraulic  tube 
bender  is  successfully  designed  based  on  the 
simulation  analysis  using  MafLab/SimuLink  and 
DSHplus.  The  introduction  of  the  additional 
commercial  software  package  DSHplus  is  merely  to 
verify  the  validity  of  proposed  modeling  procedure  and 
simulation  results.  In  addition,  three  conclusions  may 
also  be  drawn  from  this  research. 
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essure  control 

Step 
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Ps  (bar) 
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A 

120 

41.4 

8.28 

88.75 

29.88 

4.42 

89.6 

32.58 

4.86 

B 

120 

41.4 

8.28 

89.68 

32.32 

4.96 

89.6 

32.43 

4.84 

C 

120 

41.4 

8.28 

119.04 

38.04 

7.55 

119.54 

38.37 

7.64 

D 

120 

41.4 

8.28 

89.96 

22.06 

3.31 

89.71 

23.93 

3.58 

E 

120 

41.4 

8.28 

88.95 

24.67 

3.66 

89.92 

23.58 

3.53 

F 
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41.4 

8.28 

49.53 

15.18 

1.25 

49.82 

14.38 

1.19 

G 

0 

41.4 

0 

0 

0 

0 

0 

0 

0 

H 

120 

41.4 

8.28 

89.94 

27.51 

4.12 

89.65 

28.79 

4.3 

Total  energy(kj) 

75.51 

42.92 

43.75 

Energy-saving  percentage 


0% 


43.16% 


42.06% 
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(1)  The  simulation  results  derived  from 
MatLab/SimuLink  and  DSHplus  respectively  are 
nearly  identical.  It  can  therefore  be  verified  that  the 
modeling  procedure  and  simulation  results  by 
MatLab/SimuLink  are  reliable  and  can  be  used  for 
further  energy-saving  analysis. 

(2)  Simulation  results  show  that  the  newly  designed 
hydraulic  tube  bender  can  save  up  to  43%  of  energy 
consumption  in  a  working  cycle  as  compared  to  the 
conventional  hydraulic  tube  bender.  This  result  not 
only  shows  the  potential  of  energy-saving  design  but 
also  encourages  the  future  real  implementation  of  the 
new  tube  bender. 

(3)  The  energy-saving  performance  of  constant 
pressure  control  scheme  is  somewhat  better  than  that  of 
load-sensing  control  scheme.  Besides,  the  former 
utilized  only  one  pressure  sensor  while  the  latter 
requires  two  pressure  sensors  to  calculate  the  actual 
pressure  drop.  Therefore,  the  better  choice  would  be 
undoubtedly  the  constant  pressure  control  scheme 
which  will  be  suggested  to  be  implemented  in  the 
future  real  layout  of  the  new  hydraulic  tube  bender. 
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Abstract:  The  suction  muffler  of  hermetic  reciprocating  compressors  is  installed  in  order  to  attenuate  the  noise  generated  by  the  gas 
pulsation  of  the  flow  through  the  suction  valve.  However,  the  installation  of  the  suction  muffler  affects  the  operation  of  the  compressor 
owing  to  gas  pressure  drop,  which  causes  volumetric  and  energetic  efficiency  loss  due  to  the  gas  specific  volume  augmentation. 
Therefore,  there  is  a  compromise  between  sound  attenuation  and  pressure  drop  increase,  which  has  to  be  taken  into  account  by 
compressor  designers.  In  this  work,  it  presents  a  numerical  solution  to  the  flow  through  a  suction  muffler  in  order  to  analyze  the 
pressure  field  and  point  out  the  main  contributions  to  the  overall  pressure  drop  of  the  flow.  A  commercial  CFD  (computational  fluid 
dynamics)  code  was  used  to  perform  the  numerical  simulations  and  the  results  were  validated  by  using  experimental  data.  After 
analyzing  the  pressure  field,  the  geometry  of  the  muffler  was  modified  intending  to  decrease  the  flow  pressure  drop.  The  geometric 
modification  produced  a  28%  reduction  on  the  overall  pressure  drop,  without  influencing  the  sound  attenuation. 

Key  words:  Refrigeration,  hermetic,  reciprocating,  compressor,  muffler. 


1.  Introduction 

Current  reciprocating  compressors  have  their 
suction  lines  provided  with  an  acoustic  damping 
system,  named  suction  mufflers  or  acoustic  filters, 
which  have  the  main  function  of  attenuating  the  noise 
generated  by  the  gas  pulsation  of  the  flow  through  the 
suction  valve.  Suction  mufflers  usually  consist  of  a  set 
of  cavities  and  tubes  which  are  maintained  in  fluid 
communication  in  relation  to  each  other.  The  noise 
generated  due  to  gas  pulsation  in  the  suction  valve  is 
confined  in  these  cavities,  attenuating  the  sound. 

However,  the  installation  of  the  muffler  produces  an 
undesired  effect,  the  augmentation  of  the  pressure  drop 
of  the  flow  in  the  suction  line,  which  increases  the  gas 
specific  volume.  The  ultimate  consequence  is  the 
reduction  of  the  mass  flow  rate  of  the  refrigerant 
pumped  by  the  compressor,  causing  volumetric  and1 
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energetic  efficiency  loss  [1-3].  Therefore,  the 
compressor  designer  must  provide  an  efficient  acoustic 
damping  system  which  gives  the  lowest  pressure  drop 
in  the  suction  line  at  the  same  time. 

CFD  (computational  fluid  dynamics)  techniques 
have  been  used  as  evaluation  tools  for  predicting 
pressure  drop  and  superheating  in  suction  lines  of 
reciprocating  compressors  in  order  to  enhance 
efficiency,  increasing  the  development  speed  and 
reducing  the  number  of  experimental  tests  required. 
Perez-Segarra  et  al.  [4]  and  Deschamps  et  al.  [5]  have 
developed  an  unsteady  one-dimensional  model  for  the 
whole  compressor  using  a  finite  volume  technique. 
Choi  et  al.  [6]  have  carried  out  a  steady  state 
three-dimensional  analysis  of  the  flow  in  the  suction 
muffler  and  verified  numerically  and  experimentally 
the  decrease  of  cooling  capacity  due  to  the  increase  of 
both  suction  gas  temperature  and  pressure  drop. 
Optimization  studies  using  DOE  (design  of  experiment) 
and  CFD  have  been  performed  by  Kim  et  al.  [7]  and 
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Gosavi  et  al.  [8]  using  the  pressure  drop  minimization 
in  the  suction  muffler  as  the  design  parameter.  Nagy  et 
al.  [9]  also  have  used  DOE  and  CFD  to  investigate  both 
pressure  drop  and  thermal  insulation  effects  on  suction 
mufflers  over  compressor  performance  in  transient 
conditions.  For  the  geometric  modifications  proposed, 
the  authors  have  concluded  that  the  relevant  change  of 
the  COP  (coefficient  of  performance)  was  caused  by  a 
change  of  temperature.  Lang  et  al.  [10]  have 
accomplished  a  coupling  procedure  among  0-d,  1-d, 
and  3-d  transient  models,  for  simulating  the 
compression  process  of  a  reciprocating  compressor. 
The  3-d  simulation  was  applied  only  for  the  gas  inside 
the  muffler,  while  the  rest  of  the  domain  was  modeled 
in  0-d  and  1-d  way.  The  authors  have  concluded  that 
the  proposed  methodology  can  be  used  to  make 
forecast  of  pressure  drop,  temperature  gain,  COP  and 
cooling  capacities  of  compressors  with  different 
muffler  designs,  but  they  have  not  proposed  any  new 
geometry  for  reducing  the  overall  pressure  drop. 

In  this  work,  it  presents  a  numerical  study  of  the  flow 
through  a  suction  muffler,  focusing  on  the  overall 
pressure  drop.  An  experimental  apparatus  was  built  in 
order  to  give  the  overall  pressure  drop  of  the  flow 
through  the  suction  muffler,  which  is  used  as  validating 
parameter  for  the  numerical  modeling.  A  commercial 
CFD  code  is  used  to  perform  a  steady,  isothermal  and 
three  dimensional  simulation  of  the  flow.  The  main 
objective  is  to  investigate  the  pressure  field  in  order  to 
identify  the  main  contributions  to  the  overall  pressure 
drop.  After  analyzing  the  pressure  field,  a  new  geometry 
is  proposed,  which  gives  a  lower  pressure  drop  without 
interfering  on  the  acoustic  damping  efficiency. 

2.  Experimental  Procedure 

The  experimental  apparatus  is  schematically 
presented  in  Fig.  1.  The  experimental  apparatus 
consists  of  a  tube  connecting  the  compressed  air  line  to 
a  Coriolis  mass  flow  meter  (mass  flow  rate  ranging 
from  0.05  to  1  kg/min  and  uncertainty  of  ±0.20%  Full 
Scale  Output),  and  from  this  to  the  cavity  named 


Environment  A,  which  was  made  from  a  compressor 
housing.  The  suction  muffler  inlet  is  installed  inside  the 
Environment  A  and  its  outlet  is  in  direct  contact  with 
the  ambient  environment,  called  Environment  B.  A 
differential  pressure  transducer  (0-140  kPa,  with  total 
error  band  of  ±0.25%  FSO:  full  scale  output)  is 
installed  in  the  housing  surface  to  measure  the  pressure 
difference  between  both  environments,  taking  care  of 
avoiding  any  leakage.  A  data  acquisition  system  is  used 
to  treat  all  signals  and  register  the  data.  The 
experimental  results  are  presented  in  Section  4. 

3.  Numerical  Procedure 

A  commercial  code  based  on  element-based  finite 
volume  method  to  solve  the  continuity  and 
Navier-Stokes  equations  is  used  to  solve  the 
incompressible,  isothermal,  and  steady  state,  and  three 
dimensions  flow  through  the  muffler.  The  pressure  and 
velocity  variables  are  stored  at  the  nodes  and  the 
algebraic  equations  system  is  solved  as  a  single  system 
by  a  multigrid  coupled  solver.  The  high  resolution 
interpolation  scheme  [11]  was  used  to  interpolate  the 
advection  terms  and  the  SST  (shear  stress  transport) 
model  [12]  was  used  as  turbulence  model.  Parallel 
computation  was  performed  using  the  domain 
decomposition  method. 

The  geometry  of  the  suction  muffler  is  shown  in 
Fig.  2a.  The  geometry  was  imported  from  a  CAD 
(computer  aided  design)  software  and  cleaned-up  to 
remove  small  radius  and  other  features  that 
unnecessarily  make  the  mesh  generation  more 
inefficient.  Tetrahedral  elements  with  inflated  region  at 
the  wall  were  used,  as  shown  in  Fig.  2b.  A  mesh 
parametric  study  was  accomplished  by  varying  the  size 
of  the  elements,  numbers  of  layers,  growth  rate  and 
inflation  thickness  in  order  to  verify  their  influence  on 
the  computational  time,  convergence  level,  and 
dimensionless  wall  distance  y+,  given  by: 

y+=uTylv  (1) 

where  y  is  the  distance  between  element  nodes  and  wall, 


Reducing  the  Gas  Pressure  Drop  in  Suction  Mufflers  of  Hermetic  Reciprocating  Compressors 


425 


Data  acquisition 
system 


Compressed 

air-line 

J 

Differential 
pressure 
transducer 


Environment  B 


Air  flow 

Electrical  connections 


Fig.  1   Schematic  of  the  experimental  apparatus. 
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Fig.  2  (a)  Geometry  of  the  suction  muffler  and  (b)  mesh  detail  close  to  the  wall. 
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v  is  the  local  kinematic  viscosity  and  ux  =  (x„/p)1/2  is 
the  friction  velocity,  where  tw  is  the  wall  shear  stress. 
This  dimensionless  distance  defines  the  mesh 
resolution  close  to  the  wall  and  must  be  kept  below  2.0 
when  the  Shear  Stress  Transport  turbulence  model  is 
used.  Such  model  does  not  use  the  law  of  the  wall  to 
interpolate  the  velocity  profile  close  to  wall.  Otherwise, 
the  governing  equations  are  solved  for  all  control 


volumes,  requiring  higher  mesh  resolution  close  to  wall 
due  to  high  gradients  in  these  regions. 

The  mesh  configuration  that  showed  the  best 
compromise  between  computational  time,  convergence 
level,  and  lower  y+  presented  element  size  equal  to  2.0 
mm,  number  of  inflated  layers  equal  to  1 0,  growth  rate 
equal  to  1.2  and  inflation  thickness  equal  to  0.1  mm,  as 
shown  in  Fig.  3. 
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Fig.  3   Final  mesh  configuration. 

All  the  simulations  were  performed  considering 
constant  inlet  air  mass  flow  rate  (from  1.0  to  3.0  g/s)  in 
atmosphere  conditions  (1  atm  and  25  °C)  with  5% 
turbulence  intensity,  and  opening  outlet  with  zero 
relative  pressure  as  boundary  conditions.  Maximum 
residuals  lower  than  10-4  were  used  as  convergence 
criteria. 

4.  Results  and  Discussions 

Fig.  4  shows  the  comparison  between  numerical  and 
experimental  results  of  the  overall  pressure  drop  for 
several  mass  flow  rates.  Each  point  on  the  figure  is  an 
average  value  from  25  measurements,  with  4.4% 
maximum  3a  deviation.  The  numerical  results  show 
good  agreement  with  experimental  data,  showing 
maximum  difference  around  6.0%,  which  can  be 
attributed  in  part  to  geometric  imperfections  present  in 
the  real  suction  muffler  that  could  not  be  represented  in 
the  numerical  model.  The  total  RMS  uncertainty  is 
about  8.0%,  when  the  uncertainty  of  the  pressure 
transducer  is  combined  with  the  3  a  deviation.  From 
these  results,  one  can  say  that  the  numerical  model  is 
numerically  validated  and  can  be  used  in  order  to 
analyze  the  flow  for  overall  pressure  drop 
improvement  purposes,  having  in  mind  the  total 
uncertainty  of  8%. 


One  of  the  advantages  of  the  numerical  analysis  for 
this  problem  is  that,  once  validated,  it  is  possible  to 
identify  with  higher  accuracy  the  regions  of  the 
geometry  responsible  for  the  major  losses  in  the  overall 
pressure  drop.  Figs.  5  and  6  show  the  pressure  field  in 
the  suction  muffler  flow  for  mass  flow  rates  equal  to 
1.0  and  3.0  g/s,  respectively.  In  these  figures,  three 
main  regions  can  be  pointed  out  as  the  main 
contributors  to  the  overall  pressure  drop,  which  are  the 
entrance  of  the  inner  tube,  the  inner  tube,  and  the  outlet 
90°  curve  (outlet  bend). 

Fig.  7  depicts  the  contribution  of  the  three  regions 
for  the  same  cases.  For  the  highest  mass  flow  rate,  one 
can  observe  that  the  entrance  region  and  the  inner  tube 
contribute  both  with  24%  for  the  overall  pressure  drop, 
while  the  outlet  bend  contributes  with  47%  for  the 
overall  pressure  drop.  For  the  lowest  mass  flow  rate  the 
behavior  is  similar.  Therefore,  the  first  geometric 
change  can  be  made  in  the  outlet  bend. 

Four  test  cases  were  analyzed  considering  the  outlet 
bend  radius:  no  bend  radius,  bend  radius  r  =  1 .0,  r  =  2.0, 
and  r  =  3.0  mm  (Fig.  8).  As  can  be  seen  in  Fig.  9,  the 
pressure  drop  is  drastically  reduced  when  the  bend 
radius  is  increased,  achieving  about  28%  of  reduction 
for  r  =  3.0  mm,  when  compared  with  no  bend  radius.  It 
is  important  to  highlight  that  hermetic  reciprocating 
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Fig.  4  Experimental  and  numerical  results  for  the  overall  pressure  drop  of  the  flow  through  the  suction  muffler. 
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Fig.  5   Pressure  field  in  the  muffler  for  mass  flow  rate  equal  to  1.0  g/s. 


(b)    Frontal  view 
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Fig.  6  Pressure  field  in  the  muffler  for  mass  flow  rate  equal  to  3.0  g/s. 


(b)    Frontal  view 
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(a)  Mass  flow  rate  equal  to  1.0  g/s. 
Fig.  7  Partial  contributions  for  the  overall  pressure  drop. 
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(b)  Mass  flow  rate  equal  to  3.0  g/s. 


Fig.  8  Outlet  bend  radius. 
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Fig.  9   Comparison  of  the  overall  pressure  drop  for  several  bend  radius. 


compressors  operate  with  refrigerant  gas  instead  of  air 
and  in  pulsating  transient  condition  instead  of  steady 
state.  Fagotti  and  Possamai  [13]  advise  that  evaluation 
of  the  pressure  losses  in  suction  mufflers  must  be  carried 
out  considering  the  flow  as  transient  due  to  the  great 
interaction  with  the  suction  valve,  and  showed  great 
difference  of  the  pressure  drop  between  results  obtained 
with  a  steady  state  versus  a  transient  analysis  for  the 
same  boundary  conditions.  Transient  analysis  of  suction 
mufflers  is  not  the  main  subject  of  the  present  work, 
leading  to  provisory  conclusions.  Further  investigations 
considering  the  transient  regime  of  the  flow  through 
suction  mufflers  will  be  carried  out  in  the  future. 

4.  Conclusions 

In  the  present  work,  an  experimentally  validated 
numerical  procedure  was  established  to  evaluate  the 
overall  pressure  drop  of  the  flow  in  the  suction  muffler 
of  hermetic  reciprocating  compressors.  The  results 
showed  that  three  main  regions  contribute  to  the  overall 
pressure  drop:  the  entrance,  the  inner  tube,  and  the 
outlet  bend.  Based  on  the  results,  four  test  cases  were 
numerically  studied  considering  the  radius  of  the  outlet 
bend  as  the  parameter  for  analysis.  The  numerical 
analysis  shows  that  there  is  an  overall  pressure  drop 
reduction  of  28%  for  bend  radius  equal  to  3.0  mm, 


when  compared  with  bend  radius  equal  to  zero  (no 
bend  radius). 
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Abstract:  For  Finland,  carbon  dioxide  mineralisation  was  identified  as  the  only  option  for  CCS  (carbon  capture  and  storage) 
application.  Unfortunately  it  has  not  been  embraced  by  the  power  sector.  One  interesting  source-sink  combination,  however,  is  formed 
by  magnesium  silicate  resources  at  Vammala,  located  ~85  km  east  of  the  565  MWe  coal-fired  Meri-Pori  Power  Plant  on  the  country's 
southwest  coast.  This  paper  assesses  mineral  sequestration  of  Meri-Pori  power  plant  CO2,  using  Vammala  mineral  resources  and  the 
mineralisation  process  under  development  at  Abo  Akademi  University.  That  process  implies  Mg(OH)2  production  from  magnesium 
silicate-based  rock,  followed  by  gas/solid  carbonation  of  the  Mg(OH)2  in  a  pressurised  fluidised  bed.  Reported  are  results  on 
experimental  work,  i.e.,  Mg(OH)2  production,  with  rock  from  locations  close  to  Meri-Pori.  Results  suggest  a  total  C02  fixation  capacity 
~50  Mt  C02  for  the  Vammala  site,  although  production  of  Mg(OH)2  from  rock  from  the  site  is  challenging.  Finally,  as  mineralisation 
could  be  directly  applied  to  flue  gases  without  C02  pre-capture,  we  report  from  experimental  work  on  carbonation  of  Mg(OH)2  with 
C02  and  C02-S02-02  gas  mixtures.  Results  show  that  S02  readily  reacts  with  Mg(OH)2,  providing  an  opportunity  to  simultaneously 
capture  S02  and  C02,  which  could  make  separate  flue  gas  desulphurisation  redundant. 

Key  words:  C02  mineral  sequestration,  large-scale  application,  coal-fired  power  plant,  desulphurisation. 


Nomenclature 

AS  Ammonium  Sulphate 

Ex    Exergy,  J  or  W 

H     Enthalpy,  J/mol 

m      Mass,  kg 

P      Power,  J  or  W 

Q     Heat,  J  or  W 

t       Time,  year 

T      Temperature,  °C  or  K 

X      Degree  of  conversion,  - 

y  Year 

Y%    Vol  CO,  in  flue  gas 
A  Difference 
Subscripts  and  superscripts 
C  Carbonation 
E      Extraction  (of  Mg) 
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Mg(OH)2carb  Mg  (OH)2  carbonation 

Mg(OH)2prod         Mg  (OH)2  production  site  rock  deposit  site 

1.  Introduction 

Between  2008  and  2010,  the  companies  Fortum  and 
TVO  (Teollisuuden  Voima  Oyj)  explored  the 
possibility  of  retrofitting  the  Meri-Pori  coal 
combustion  power  plant  with  CO2  capture  technology. 
Due  to  a  lack  of  geological  storage  options  within 
Finland,  the  CO2  was  to  be  shipped  to  the  Danish  North 
Sea,  by  ship,  for  injection  into  saline  aquifers.  The 
project  was,  however,  discontinued  in  October  2010 
[1-5].  The  Meri-Pori  power  plant  (1994)  is  a  565  MWe 
coal  fired  power  plant  with  a  thermal  efficiency  of  43%, 
producing  2.5  Mt/y  C02,  or  820  kg  C02/MWh.  The 
plan  was  to  capture  and  store  1.2  Mt/y  of  this.  For  the 
capture,  both  oxy-fuel  combustion  and  amino  acid  salt 
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technology  (Siemens)  were  considered,  the  latter  being 
deemed  more  convenient  (easier  to  retrofit).  The  CO2 
would  have  been  transported,  as  a  cooled  liquid  (-50  °C, 
~7  bar),  with  two  or  three  tanker  ships  over  a  distance 
of  1 ,000  km  to  the  closest  storage  site. 

The  biggest  obstacle  on  Meri-Pori's  path  to  CCS 
(carbon  capture  and  storage),  or  better  said  CCGS 
(carbon  capture  and  geological  storage)  was  considered 
to  be  the  energy  demand  of  the  capture  process. 
Post-combustion  capture  required  2-4  GJ/tCCh  during 
pilot  scale  tests,  with  90%  capture  efficiency.  Apart 
from  the  capture,  other  cost  factors  considered  are: 

•  compression  and  cooling  of  the  CO2; 

•  shipping; 

•  intermediate  storage  facilities; 

•  injection  into  underground  storage  (including 
pressurisation  to  120  bar). 

This  would  lower  the  efficiency  of  the  power  plant 
by  10-13  percentage  units.  In  terms  of  cost  (and  by 
deduction,  energy),  the  capture  was  estimated  to 
account  for  the  largest  part,  with  50%-80%  of  the  total 
costs  related  to  CCGS.  Transporting  the  CO2  was 
estimated  to  account  for  5%-35%  of  the  total  costs,  and 
storage  for  5%-25%. 

The  project  was,  however,  discontinued.  This  paper 
explores  another  possibility  for  sequestering  the  CO2 
emitted  by  the  Meri-Pori  power  plant,  namely  CO2 
mineralisation,  using  mineral  resources  located  not  too 
far  from  the  power  plant.  There  are  several  motivations 
for  this: 

•  It  is  known  for  quite  some  time  (and  repeatedly 
confirmed)  that  underground  storage  capacity  is  not 
available  in  Finland  [6,  7]; 

•  The  Baltic  sea  region  and  especially  Latvia  and 
the  so-called  Dalders  structure  under  the  Baltic  Sea 
show  good  potential  [8,  9].  Yet  there  seems  be 
consistent  consensus  against  CCS  in  Latvia  [10] 
although  in  Poland  (a  country  with  a  lot  of  coal-derived 
CO2  emissions)  a  negative  approach  to  CCS  [11]  seems 
to  turn  for  the  better  [12]; 

•  Finland    has    vast    resources    of  magnesium 


silicate-based  mineral  resources;  assessments  by  the 
Geological  Survey  of  Finland  typically  mention  2-3  Gt 
CO2  storage  capacity  in  minerals  of  the 
Outokumpu-Kainuu  region  of  central  Finland  alone 
[13-15]; 

•  Underground  storage  capacity  in  west-Russia  may 
seem  attractive  but  export  of  CO2  to  outside  the  European 
Economic  Area  is  prohibited  under  the  EU  directive  on 
CCS  (which  in  fact  addresses  only  CCGS)  [16]; 

•  Implementation  of  the  above-mentioned  EU 
directive  on  CCS  (i.e.,  CCGS)  in  Finnish  legislation  is 
ongoing  and  may  result  in  CO2  underground  storage 
being  forbidden  within  Finland's  borders  [17,  18]; 

•  A  five-year  (2011-2015)  research  program  on 
CCS  is  commencing  in  Finland  coordinated  by 
Finlands  Cleen  Oy  CCSP  [19]  (The  work  reported  here 
is  outside  that  program,  however); 

•  Finland  (at  the  moment  primarily  Abo  Akademi 
University,  AA)  has  an  extensive  track  record  on  CO2 
mineral  sequestration  R&D,  with  process  routes  that 
use  either  both  magnesium  silicate-containing  rock  [20, 
21]  or  steelmaking  slags  moving  from  lab-scale  to 
demonstration  scale  [22]. 

Below,  the  feasibility  of  CO2  mineralisation  applied 
to  CO2  produced  at  the  Meri-Pori  power  plant  using 
four  types  of  minerals  and  the  staged  process  route  that 
is  under  development  at  AA  is  assessed.  Moreover,  the 
combined  removal  and  trapping  of  SO2  and  CO2  from 
the  flue  gas  is  investigated  in  an  experimental  study  at 
the  end  of  this  paper.  CO2  pre-capture  would  be 
omitted  from  the  CCS  chain. 

2.  Considering  the  Mineralisation  Option 

Given  that  Finland  does  not  possess  underground 
storage  sites,  CCGS  will  always  entail  large  transport 
distances  and  export  of  the  CO2.  The  location  of  the 
Meri-Pori  plant  is  indicated  in  Fig.  1 . 

Onshore  pipeline  transport  of  CO2  is  significantly 
cheaper  than  shipping,  for  distances  up  to  1,500  km 
[23].  Of  course,  the  distance  between  the  flue  gas/C02 
production  source  and  the  mineral  deposit  limits  the 
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Ultramafic  rocks  of  FintanC 


Fig.  1  The  location  of  the  Meri-Pori  power  plant  as 
indicated  and  ultramafic  rock  in  Finland.  Also  shown  a 
photo  of  the  nickel  mine  at  Hitura  and  its  location,  and 
ultramafic  rock  findings  in  southern  Finland  at  Vammala 
and  Suomusjarvi  (circled). 

possibilities  of  transporting  complete  flue  gas  flows, 
not  to  mention  large  quantities  of  minerals.  As  noted  by 
Brent  et  al.  [24,  25],  the  preferable  way  to  apply  CCS 
to  power  plant — generated  flue  gas  would  be  to  have 
the  power  plant  at  a  mineral  deposit  and  transport  the 
coal  (or  other  fuel  for  that  matter)  to  that  site. 

With  proven  Mg-rich  serpentine  (Mg3Si205(OH)4) 
deposits  as  close  as  ~85  km  from  Meri-Pori,  in 
Vammala,  and  olivine -type  material  located  at 
Meri-Pori  itself,  not  only  could  transport  costs  be 
minimised,  but  the  whole  capture  process  could 
potentially  be  omitted  if  the  carbonation  can  be  applied 
to  the  flue  gas  directly.  This  then  allows  for  removing 
the  expensive  and  complicated  (especially  for  gases 
that  contain  oxygen)  capture  step  from  the  CCS  chain. 

According  to  BASF  (Badische  Anilin-  und 
Soda-Fabrik,  Germany)  [26],  there  is  no  market  for 
CO2  solvents  for  CCS  application  to  gases  that  contain 
oxygen.  Chilled  ammonia  processes  are  an  important 
alternative  for  alkanol  amine  type  sorbents  for  CO2;  the 
resulting  ammonia  (bi-)  carbonate  can  be  made  to  react 
with  activated  magnesium,  for  example,  in  an  aqueous 
solution  [27,  28]. 


If  CO2  pre -capture  is  removed  from  the  CCS  chain 
the  resulting  CS  (carbon  storage)  process  may  be 
cost-competitive  with  methods  that  involve 
underground  storage  of  CO2,  as  there  is  no  need  for 
post-storage  CO2  monitoring.  This  is  particularly 
urgent  since  the  costs  for  the  capture  step  alone 
typically  exceed  what  economically  viable  CCS  may 
cost.  This  makes  "conventional"  CCS  economically 
unattractive  irrespective  of  public  acceptance  and  other 
non-technical  problems.  Also  the  current  low  "cost"  of 
CO2  emissions  under  the  European  ETS  (Emissions 
Trading  Scheme)  presents  an  obstacle  for  CCS. 

Compared  to  pumping  CO2  into  saline  aquifers, 
current  mineralisation  technology  comes  with  an 
energy  penalty,  but  without  separate  capture  and  long 
transport  distances  the  energy  use  should  at  least  be 
comparable  to  the  capture  step  of  CCGS,  of  the  order  of 
2-5  GJ/ton  CO2  (mainly  heat). 

In  recent  years,  research  into  CO2  mineralisation  has 
taken  a  leap  forward  as  demonstrated  by  the  rate  at 
which  new  process  routes  are  suggested,  patented  and 
in  several  promising  cases  developed  to  large-scale 
application  [29].  Many  of  these  processes  do  not 
require  pure  CO2,  but  can  run  with  flue  gases  directly, 
such  as  the  process  routes  suggested  by  Nottingham 
university  [27],  Hunwick  [28]  and  also  the  AA  route,  to 
be  described  below  in  more  details. 

3.  Mineralisation  of  CO2 

3.1  General 

Carbon  dioxide  mineralisation  is  the  general  term 
describing  the  sequestration  of  CO2  by  reacting  it  with 
Mg-  or  Ca-containing  compounds,  to  produce  stable 
carbonates.  Magnesium  in  particular  is  abundant  in  the 
earth's  crust,  as  silicates  such  as  serpentinite  and 
olivine.  Calcium  also  has  a  potential  to  store  significant 
amounts  of  CO2,  although  calcium  silicates  are  not  as 
abundant  as  magnesium  silicates.  In  general,  the 
exothermic  reaction  between  magnesium  or  calcium 
silicates  and  CO2  can  be  described  by  Eq.  (1). 

Both  the  process  developed  by  Hunwick  [28]  and  a 
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similar  one  by  Wang  and  Maroto-Valer  [27]  utilise 
ammonia  to  capture  CO2.  Hunwick  claims  to  react 
ammonium  bicarbonate  directly  with  serpentinite, 
whereas  Maroto-Valer  extracts  magnesium  from 
mineral  with  ammonium  bisulfate,  before  carbonating 
the  MgSCU  with  ammonium  bicarbonate.  The  latter 
reports  over  90%  conversion  of  Mg  to  (hydro) 
carbonates  (primarily  Mg5(C03)4(OH)2 ). 

(Mg,  Ca)xSiyOx+2y+zH2z(s)  +  xC02  (g) 
«->  x(Mg,  Ca)C03(s)  +  y Si02(s)  +  zH20  (1/g)     ( 1 ) 

These  reactions  occur  in  nature  over  geological 
timescales  (hundreds  of  thousands  of  years).  Research 
has  focused  on  improving  the  reaction  rates  by  treating 
the  mineral  rock  by  thermal,  mechanical  or  chemical 
means  [23,  29-31].  Due  to  the  exceptionally  large  scale 
of  CCS  processes,  all  additives  must  be  recovered,  and 
the  energy  input  is  minimised.  Strong  acids,  such  as  HC1 
and  H2S04  are  able  to  dissolve  the  rock  rapidly,  but  are 
difficult  to  recover.  Hence,  most  promising  processes 
incorporate  a  combination  of  weaker  acids  or  ammonium 
salts  and  thermal  and/or  mechanical  treatment  to  produce 
more  reactive  magnesium  containing  species. 

A  process  under  development  at  AA — see  Fig.  2  for 
an  overview  of  the  process  route — uses  recoverable  AS 
(ammonium  sulphate)  salt  to  extract  Mg  from  grinded 
serpentinite  rock,  under  elevated  temperatures.  The 
extraction  has  been  shown  conversions  of  up  to  80%  of 
Mg  into  reactive  Mg(OH)2  or  MgSCU,  depending  on 
the  desired  intermediate  [32,  33]. 

Mg(OH)2  reacts  directly  with  C02  under  elevated 
temperature  and  pressure,  whereas  MgSCU  can  be 
reacted  with  aqueous  ammonium  (bi-)  carbonate,  in 
both  cases  producing  magnesium  carbonates.  Here,  the 
route  that  involves  Mg(OH)2  carbonation  in  a 
pressurised  fluidised  bed,  aiming  at  obtaining  the 
reaction  heat  from  the  carbonation  step  at  a  useful 
temperature  level  is  considered. 

3.2  The  AA  Process  Route 

3.2.1  Mg  (OH)2  Production 

In  the  first  process  step,  S  (serpentinite)  rock  is 


thermally  treated  with  AS  (ammonium  sulphate)  at 
400-500  °C  and  atmospheric  pressure  for  10-60  min.  A 
significant  amount  of  the  magnesium,  Mg,  in  the  rock 
is  thus  converted  to  sulphate,  MgSC>4,  which  is  highly 
soluble  in  water.  Unfortunately,  MgSCU  cannot  be 
directly  converted  with  C02  to  MgCCU,  but  in  an 
aqueous  solution  it  can  be  converted  to  Mg(OH)2.  After 
cooling,  the  solid  from  the  reaction  with  AS  is  slurried 
in  water,  leaving  behind  unreacted  mineral  and 
insoluble  reaction  products,  e.g.,  silica.  The  pH  of  the 
filtrate  solution  is  raised  to  8-9,  precipitating  iron  and 
calcium  (from  the  mineral,  see  Table  1)  as  FeOOH  and 
Ca(OH)2,  respectively,  while  increasing  the  pH  further 
to  10-1 1  precipitates  Mg(OH)2. 

For  the  Finnish  Hitura  nickel  mine  overburden 
mineral,  the  preferable  conditions  for  extraction  of  Mg 
(and  Fe)  to  MgSCU  (and  FeSCU)  are  temperatures 
400-440  °C,  for  30-60  min  at  S/AS  =  0.5-0.7  kg/kg, 
resulting  typically  in  60%-66%  extraction  of  Mg. 
Lower  temperatures  and  longer  reaction  times  give  a 
higher  (relative)  extraction  of  iron.  Ammonia  vapour, 
NH3,  released  during  the  thermal  step  is  collected  and 
used  to  give  the  necessary  pH  increases  for 
precipitation.  It  is  thereafter  recovered  for  regeneration 
of  the  AS  salt  downstream,  using  heat  from  another 
process  step.  Nonetheless,  the  recovery  of  solid 
ammonium  sulphate  from  the  aqueous  form  incurs  a 
not  insubstantial  energy  penalty.  More  detail  is  given 
by  Nduagu  et  al.  [32,  34-35]. 

3.2.2  Mg(OH)2  Carbonation 

The  Mg(OH)2  produced  as  described  above  is 
converted  into  MgCCh  in  a  PFB  (pressurised  fluidised 
bed)  reactor  at  pressures  >  20  bar  and  temperatures 
450-550  °C.  (Some  more  details  on  the  set-up  are  given 
in  Section  7.2).  Results  on  conversion  levels  obtained 
under  varying  conditions  (temperature,  pressure,  water 
content  of  the  gas,  time,  fluidisation  velocity)  are 
reported  elsewhere  [20,  36,  37]  for  both  a  synthetic, 
commercial  Mg(OH)2  material  and  Mg(OH)2  produced 
from  Finnish  or  Lithuanian  serpentinites.  (A  few  tests 
were  made  under  supercritical  C02  conditions,  pressure  > 


Carbon  Dioxide  Mineralisation  and  Integration  with  Flue  Gas  Desulphurisation 
Applied  to  a  Modern  Coal-Fired  Power  Plant 


435 


Magnesium  silicate 
mineral 


Steam 


AS  -  Mg-si.icE.te 
solid-solid 
reaction 


-  > 

1  1 

J  t 

1  ■ 

Steam 
activation 


KgSD4  :tc." 


Magnesium 
{andiron} 
extraction 


Mg(UH), 


.TV  Pressur: 
f  fluidizec 

>  10  tar,  > 


Ammonium  sulphate 
recycling 


Residue 

V 

Iron  oxide 
(^steel/iron  industry) 


Pressurized 
fluidizedbed 

00!C 

T\  


CO, 


.  Magnesium 
\  carbonate 

l/  MgC°3 


Fig.  2  A  schematic  illustration  of  the  mineral  carbonation  process  under  development  at  AA. 
Table  1    C02  mineralisation  options  for  operation. 


C02  capture 

Transport  of 

Mineralisation  on 

Location 

Yes 

C02 

C02 

At  mineral  mine 

Yes 

Rock 

co2 

C02-producing  site 

No 

Rock 

C02-containing  gas 

C02-producing  site 

No 

C02-containing  gas 

C02-containing  gas 

At  mineral  mine 

74  bar,  which  showed  significantly  lower  conversion 
levels  and  rates,  suggesting  that  little  benefit  should  be 
expected  from  operating  at  such  pressure  levels.)  It  was 
found  that  the  Mg(OH)2  materials  produced  from  the 
serpentinites  are  much  more  reactive  (as  a  result  of  a  ~ 

2  2 

10x  larger  specific  surface  of  ~45  m  /g  vs.  ~5  m  /g), 
giving  conversion  levels  of  50%  within  15  min  for 
-300  urn  particles. 

The  product  gas  from  the  carbonator  is  a  hot, 
pressurised  mixture  of  CO2  and  H20,  the  solids 
obtained  will  be  partly  recycled  for  further  carbonation 
conversion.  Unfortunately,  although  the  carbonation 
reaction  is  rapid,  it  levels  off  at  carbonation  levels  up  to 
65%  (the  best  result  obtained  so  far)  [37],  which 
appears  to  be  the  result  of  calcination  of  Mg(OH)2  to 
less  reactive  MgO.  However,  it  is  noted  that  in  order 
for  Mg(OH)2  to  carbonate,  dehydroxylation  (i.e., 
calcination)  has  to  occur  [37,  38].  Apparently, 
carbonation  at  some  point  becomes  slower  than 
dehydroxylation,  resulting  in  a  partially  calcined  and 
carbonated  product.  Thus,  below  it  is  assumed  that  with 
~2/3  of  the  Mg(OH)2  produced  also  being  carbonated 
the  necessary  amount  of  it  is  150%  of  the 
stoichiometric  amount. 


3.2.3  Process  Energy  Input  Requirements 
Since  CCS  is  one  of  the  solutions  to  what  is  in  fact  an 
energy  problem,  routes  that  lead  to  the  production  of 
large  amounts  of  CO2  while  producing  the  power  and 
heat  for  the  CCS  process  are  obviously  not  viable.  The 
Meri-Pori  plant  produces  820  g  CCVkWh  electricity, 
thus  CCS  with  an  electricity  consumption  of  1/0.82  = 
1.22  kWh  =  4.39  MJ/kg  C02  would  have  a  zero  net 
output  of  both  electricity  and  CO2.  The  use  of 
electricity  in  CCS  processes  should  be  avoided 
although  some  power  consumption  will  follow  from 
gas  compression  and  crushing/grinding  of  solid 
material.  Fortunately,  part  of  the  energy  input  of  a  CCS 
processes  would  be  in  the  form  of  heat  and  at  ~3% 
thermal  efficiency  the  Meri-Pori  plant  produces  similar 
amounts  of  electricity  and  (waste)  heat. 

CCS  routes  based  on  CO2  mineralisation  appear  to 
be  more  dependent  on  heat  as  energy  input  than  the 
"conventional"  route  that  involves  underground 
storage  of  CO2,  while  as  done  in  the  AA  route  the  heat 
output  from  the  carbonation  reaction  can  be  benefitted 
from.  (Therefore  the  higher  temperature  of  the 
carbonation  step  in  the  AA  route,  ~500  °C,  compared 
to  the  earlier  suggested  process  route  from  the  ARC 
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(Albany  Research  Center),  currently  NETL  (National 
Energy  Technology  Laboratory)  Albany,  in  the  US, 
results  in  a  better  LCA  (life  cycle  assessment) 
performance  of  the  AA  route  compared  to  the  ARC 
route  [39].  The  ARC  route  is  based  on  one-step 
carbonation  in  pressurised  aqueous  solutions  at  -150 
bar,  -185  °C  [40,  41]).  At  the  same  time,  C02 
mineralisation  routes  that  involve  electrochemical 
steps  (electrolysis,  fuel  cells)  are  very  unlikely  to  have 
a  net  CO2  fixation  effect  [42]. 

As  presented  earlier  [21]  a  quick  assessment  of 
energy  input  requirements  for  the  AA  route  can  be 
made  based  on  the  reaction  heat  QE  or  AHE  needed  for 
Mg  extraction  from  rock  and  the  heat  Qc  or  AHC 
released  by  Mg(OH)2  carbonation.  With  Mg  extraction 
conversion  XE  =  XMg(OH)2Pwd  and  Mg(OH)2  carbonation 
conversion  Xc  =  XMg(0H)2carb  the  net  heat  input 
requirements  are  equal  to  Eq.  (2): 

Q  (MJ/kg  CO  2)  =  ^JL_  Xc  ■  AH c 

X  E 

with  AHE  =  234.6  kJ/mol  Mg  extracted  (value  for 
480  °C)  and  AHC  =  -59.5  kJ/mol  Mg  carbonated  (value 
for  550  °C)  as  in  Ref.  [21].  For  serpentinite  (rock 
mainly  composed  of  serpentine)  found  at  Hitura 
composed  of  ~84%-wt  serpentine,  ~3%-wt  iron  oxides 
as  FeO  and  ~3%-wt  calcium  silicates  the  heat  input 
requirements  are  given  in  Table  2  for  XE  and  Xc 
ranging  from  25%  to  100%  [21].  Besides  this, 
crushing/grinding  of  rock  contributes  to  only  a  few  % 
of  the  energy  input  requirements,  while  process 
integration  and  optimisation  will  result  in  significant 
improvements  to  the  energy  efficiency  [21]. 

Table  2  Process  energy  (heat)  input  requirements  (MJ/kg 
CO2)  according  to  Eq.  (2). 


Mg(OH)2  carbonation  efficiency 


Mg 

extraction 
efficiency 

25% 

50% 

75% 

90% 

95% 

100% 

25% 

21.33 

20.65 

20.32 

20.11 

20.05 

19.98 

50% 

10.66 

9.99 

9.65 

9.45 

9.38 

9.31 

75% 

7.11 

6.43 

6.10 

5.89 

5.83 

5.76 

90% 

5.92 

5.25 

4.91 

4.71 

4.64 

4.57 

95% 

5.61 

4.94 

4.60 

4.40 

4.33 

4.26 

100% 

5.33 

4.66 

4.32 

4.12 

4.05 

3.98 

Of  course,  incomplete  Mg  extraction  would  not  have 
a  heat  penalty  (an  endothermic  reaction  that  does  not 
occur  will  not  give  an  energy  penalty)  and  thus  only  the 
bottom  row  of  Table  2  would  apply.  At  the  same  time,  if 
Mg  extraction  conversion  XE  «  1 00%  then  crushing 
and  grinding  of  what  is  then  mainly  inert  material  will 
give  excessive  costs  and  the  material  must  still  be  heated 
to  >  400  °C.  Also,  temperatures  >  400  °C  give  increased 
thermal  decomposition  of  the  AS  salt,  with  an  energy 
penalty.  Therefore  for  a  case  with  XE  =  0.75  and  Xc  = 
0.75  the  heat  input  requirements  for  a  Hitura 
serpentinite-type  material  (see  below)  are  4.32  <  Q  < 
6.10  MJ/kg  CO2,  and  presumably  closer  to  the  higher 
value  Note  that  this  is  heat  of-  T=  450  °C  =  723  K:  for 
surroundings  temperature  T  =  15  °C  =  288  K  this 
corresponds  to  exergy  equal  to  Ex(0  =  (\-TIT°)-Q  = 
2.6-3.7  MJ/kg.  Using  the  exergy  of  heat  allows  for 
comparing  it  in  calculations  with  power  input 
requirement  P,  for  which  the  exergy  Ex  (P)  =  P. 

3.2.4  CO2  Mineralisation  Applied  Directly  on  Power 
Plant  Flue  Gas 

The  capture  of  CO2  from  flue  gases  that  contain 
oxygen  and  other  problematic  species  is  more 
complicated  than  CO2  (and  H2S)  stripping  from  natural 
gas,  and  is  hard  to  accomplish  against  an  energy 
penalty  lower  than  3-4  MJ/kg  CO2  captured  [43].  This 
is  one  main  reason  why  CO2  mineralisation  R&D 
increasingly  focuses  on  avoiding  CO2  separation  and 
would  operate  on  the  CCVcontaining  gas  directly. 
Energy  input  requirements  for  CSM  (carbon  storage  by 
mineralisation)  would  be  of  the  same  order  as  those  for 
only  the  capture  step  of  "conventional"  CCS.  (An  LCA 
study  on  this  approach  for  CO2  mineralisation  applied 
to  natural  gas-fired  electricity  production  in  Singapore, 
using  the  AA  route  with  serpentinite  rock  purchased 
from  Australia,  and  considering  both  CO2  capture  and 
operating  with  the  flue  gas  directly  was  recently 
reported  [44]).  In  that  case,  a  gas  with  Y%-vol  CO2 
must  be  compressed  to  a  total  pressure  of  ~20/(F/100) 
bar,  which  is  integrated  with  expansion  of  a 
carbonation  product  gas  mixture  (in  which  CO2  is 
replaced  by  H20)  at  the  same  20/(F/100)  bar,  at  -500  °C, 
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to  atmospheric  pressure. 
Moreover,  the  mineralisation  of  CO2  from  a  flue  gas 
may  be  combined  with  sulphur  capture:  Mg(OH)2  may 
also  react  with  SO2  (and  SO3)  present  in  the  flue  gas 
which  would  then  allow  for  removing  the  FGD  (Flue 
Gas  Desulphurization)  unit  from  a  power  plant  that 
uses  a  sulphur-containing  fuel.  This  is  addressed  in 
Sections  7  and  8. 

3.3  Utilising  Waste  Heat 

All  existing  mineralisation  processes  require  significant 
amounts  of  energy  (usually  as  heat)  in  order  to  achieve 
sufficient  reaction  kinetics  and/or  favourable 
thermodynamic  circumstances.  Especially  those  processes 
where  large  amounts  of  low  quality  heat  are  required  could 
benefit  from  access  to  sources  of  waste  heat.  Such 
sources  may  be  low  quality  steam  or  flue  gas  from  the 
very  power  plant  the  CO2  would  be  extracted  from. 

In  the  relative  vicinity  of  Meri-Pori  (at  -60  km  to  the 
south),  the  Olkiluoto  nuclear  power  plant  is  located, 
which  produces  large  amounts  of  waste  heat.  Presently 
this  waste  heat  is  rejected  into  the  sea  as  29,500  kg/s  of 
cooling  water  used  to  condense  low  quality  steam  at  a 
temperature  of  around  200  °C,  from  each  of  the  two 
reactors  already  in  operation.  The  heat  carried  off  with 
the  cooling  water  amounts  to  approximately  1 ,600  MW 
per  reactor.  A  fraction  of  that  waste  heat  would  be 
enough  to  carbonate  all  the  CO2  emissions  from  the 
Meri-Pori  power  plant  [45].  Unit  3  is  under 
construction,  for  operation  in  2015  or  2016  to  generate 
2,700  MW  waste  heat  besides  1,600  MW  electricity. 

The  AA  mineralisation  process  requires  heat  at 
above  400  °C.  But  even  with  a  heat  source  of  a  lower 
than  required  temperature,  significant  savings  could  be 
achieved  using  a  heat  pump.  This,  of  course,  would 
require  that  the  mineralisation  could  be  performed 
close  to  the  heat  source. 

4.  Mineral  Resources  and  Characterization 

4.1  The  Rock  Resources  Considered  Suitable 

Finland  has  large  amounts  of  serpentine  available. 


The  suitability  of  any  given  mining  site  as  a  source  of 
mineral  for  carbonation  depends  on  the  magnesium 
(and  calcium)  contents  of  the  rock.  In  addition,  the 
distance  from  the  power  plant  and  total  amount  of  rock, 
as  well  as  possible  nearby  sources  of  waste  heat  are  of 
importance. 

Many  mines  in  relative  proximity  to  Meri-Pori  are  in 
operation  or  have  previously  been  in  operation 
producing  large  amounts  of  serpentinite  as  mine 
tailings  and  overburden.  Table  3  gives  a  shortlist  of 
sites  with  their  respective  rock  compositions. 

The  Suomusjarvi  and  Vammala  rock  and,  for 
comparison  with  a  "better"  material,  the  Hitura  nickel 
mine  mining  tailings  are  central  for  this  work — see  the 
locations  of  these  in  Fig.  1 .  The  other  southern-Finland 
rock  types  (Hyvinkaa,  Lammi  and  Kaipola)  will  not  be 
further  addressed  here  [46].  For  the  work  reported  here 
the  materials  and  chemical  compositions  as  given  in 
Table  4  are  used. 

Table  3  Composition  (as  oxides)  of  the  Finnish  rock 
considered  for  mineralization. 


Location 

MgO 
%-wt 

CaO 
%-wt 

Fe203  Si02 
%-wt*  %-wt 

A1203 
%-wt 

Other 
%-wt 

Suomusjarvi 

16.2 

8.6 

11.4 

47.6 

10 

6.2 

Hy  vinkaa/Mantsala*  * 

9.8 

11.4 

13.2 

45.9 

13.6 

6.1 

Lammi/Asikkala*  * 

4.9 

6.8 

8.0 

58.0 

15.6 

6.7 

Kaipola/Kuhmoinen*  * 

7.2 

7.5 

7.7 

55.2 

14.9 

7.5 

Vammala 

14.5 

5.6 

12.5 

49.5 

8.8 

9.1 

Hitura 

38.1 

0.5 

14.8 

32.6 

0.4 

13.6 

*  Calculated,  presumably  a  mixture  of  FeO  and  Fe203,  partly  (?) 
Fe304. 

**  Not  a  mining  site. 

Table  4  Composition  (as  oxides)  of  the  Finnish  rocks  for 
mineralisation  as  tested. 


Working  names 

MgO 
%-wt 

CaO 
%-wt 

Fe203 
%-wt* 

Si02  A1203 
%-wt  %-wt 

Other 
%-wt 

Hitura* 

36.2 

0.5 

14.4 

24.8 

<0.1 

24.1 

Vammala- 1° 

19.2 

9.0 

15.4 

45.0 

3.5 

7.9 

Vammala-2n 

28.0 

1.4 

18.4 

39.3 

1.3 

11.6 

Satakunta§  olivine 

5.5 

8.7 

15.3 

46.9 

16.1 

7.5 

Suomusjarvi- 1° 

13.5 

7.8 

10.9 

50.2 

10.8 

6.8 

Suomusjarvi-2° 

20.9 

8.3 

11.9 

44.3 

7.0 

7.6 

#  Ref.  [34],  §  Ref  [35],  a  Ref.  [46]. 

*  Calculated,  presumably  a  mixture  of  FeO  and  Fe203,  partly 
Fe304. 
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4.2  Hitura  Mine  Rock 

The  Hitura  mine  is  an  operational  nickel  mine  in  the 
province  of  Oulu,  around  350  km  (in  north-east 
direction)  from  Meri-Pori.  Rocks  from  Hitura,  tested  at 
AA,  have  been  shown  to  contain  -83%  serpentine 
mineral,  which  constitutes  a  MgO  content  of  -36%. 
The  continuous  transport  cost  by  pipeline,  for  pure  CO2, 
would  amount  to  less  than  5  €/tCC>2.  However,  should 
the  transported  gas  be  the  total  (dried)  flue  gas,  the 
costs  can  be  expected  to  rise  by  a  factor  of  three  to  five, 
depending  on  the  CO2  content  [23]. 

The  Hitura  ultramafic  complex  consists  mainly  of 
serpentinite,  with  a  volume  of  an  estimated  1,300  x  300 
x  1,000  m,  i.e.,  0.39  km3  =  390  x  106  m3  [47].  With  an 
assumed  density  ~  3,000  kg/m3  it  corresponds  to  -1,170 
Mt  material.  Given  the  rock  composition  with  ~  36%-wt 
MgO  (Table  4),  this  amount  of  rock  has  a  theoretical 
capacity  to  sequester  more  than  400  Mt  CO2. 

4.3  Vammala  (Stormi-Vammala)  Nickel  Mine  Rock 

The  Stormi  ultramafic  complex  in  the  Vammala 
nickel  belt  is  a  1,500  x  600  x  300  m  large  volume,  with 
an  upper  layer  of  70  m  of  serpentinite  [48].  This  gives  a 
volume  of  0.063  km3  =  63  x  106  m3  with  an  assumed 
density  -3,000  kg/m3  this  corresponds  to  -200  Mt 
material.  Given  the  rock  composition  with  20~25%-wt 
MgO  (Table  4),  theoretically  around  44-55  Mt  of  C02 
could  be  sequestered  with  the  upper  layer  minerals. 

On  one  hand,  the  MgO  content  in  the  Vammala 
upper  layer  serpentinites  necessitates  the  processing  of 
larger  amounts  of  rock  (4  ton/ton  CO2  compared  to  -3 
ton/ton  CO2  for  Hitura  material),  but  Vammala,  on  the 
other  hand,  is  significantly  closer  to  Meri-Pori 
compared  to  Hitura.  At  a  distance  of  only  75-85  km 
both  pipeline  transport  costs  and  capital  costs  could  be 
kept  at  a  minimum. 

The  Vammala  mine  is  no  longer  being  mined  for 
nickel,  but  still  produces  gold.  However,  nickel 
deposits  are  generally  found  in  ultramafic  rock 
formations,  whereas  gold  tends  to  be  present  in  quartz 
formations.  There  is  nonetheless  the  possibility  that  the 


overburden  from  mining  contains  serpentinite  material. 
Another  option  is  to  reconsider  nickel  mining  in  the 
light  of  new  uses  for  the  mine  tailings,  or  to  mine  for 
serpentine  without  specific  regard  for  nickel  altogether. 
Belvedere  Resources,  the  company  operating  in  Hitura, 
apparently  have  been  exploring  the  possibility  to  start 
mining  nickel  in  Vammala  again.  The  rocks  collected 
and  analysed  are  from  a  rock  mass  nearby,  not  at,  the 
Stormi  mine  [46]. 

4.4  Pori  Olivine  Deposits  Rock 

Only  a  few  kilometres  south-east  of  Pori,  in  the 
region  around  Nakkila  and  Harjavalta,  olivine  deposits 
can  be  found  [49].  Historically  nickel  has  been  mined 
in  Harjavalta,  but  presently  the  only  mining  activity  in 
the  region  is  copper  mining  [50].  The  chemical 
composition  of  olivine  favours  its  use  as  a  source  of 
magnesium  due  to  stoichiometrically  higher  ratio  of 
Mg  to  rock,  compared  to  serpentine.  Nduagu  et  al.  [34] 
argued  that  due  to  low  surface  area  and  porosity,  as 
well  as  being  harder  than  serpentine,  olivine  is  not  well 
suited  for  extracting  magnesium,  according  to  the 
method  described  in  Section  3.2.1. 

4.5  Suomusjarvi  Olivine  Deposits  Rock 

Two  samples  for  testing  were  taken  from  the  region 
around  Suomusjarvi,  located  roughly  half-way 
between  Turku  and  Helsinki — see  Fig.  1 .  This  is  at  the 
south  end  of  the  Vammala  nickel  belt  [51].  One  sample 
(Suomusjarvi- 1)  is  a  side -material  from  the  Salittu 
quarry  where  macadam  is  mined  for  roadmaking.  The 
other  sample  (Suomusjarvi-2)  is  an 
olivine -hornblendite  actually  from  Nummi-Pusula 
(-20  km  east  of  Suomusjarvi),  containing  -50% 
olivine  (Mg,Fe)2Si04  [46].  Data  on  amounts  of 
material  are  not  yet  available. 

5.  Production  of  Mg(OH)2  from  the  Rocks 
Considered  Suitable 

Table  4  summarises  the  results  of  Mg(OH)2 
production  from  the  materials  listed  in  Table  3,  using 
the  procedure  described  in  Section  3.2.1.  For  most  tests, 
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2  g  rock  +  3  g  ammonium  sulphate  powder  were  mixed, 
with  rock  particle  size  75-125  rmi  and  using  an  Al 
sample  cup. 

The  amount  of  rock,  mrock,  needed  to  sequester  a  unit 
mass  of  CO2  can  be  calculated  from  the  MgO  content 
of  the  rock  (%MgO)  and  the  extraction  of  the 
magnesium  from  it,  producing  Mg(OH)2,  XMg<OH)2prod 
(%)Eq.  (3): 
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The  values  40.3  and  44  are  molar  masses  (kg/kmol)  of 
MgO  and  C02,  respectively.  This  assumes  complete 
carbonation  of  Mg(OH)2  to  MgC03;  as  the  best 
experimental  result  obtained  for  that  so  far  is  65%  ~  2/3, 
also  the  requirement  of  IV2X  the  amount  calculated  with 
Eq.  (3)  is  given  in  the  results  presented  below. 

The  number  of  years  it  would  take  to  consume  the 
suitable  rock  material  msite  at  a  certain  location  can  be 
calculated  for  the  sites  mentioned  above.  For  a  C02 
sequestration  rate  of  1 .2  Mt/year  (as  was  the  plan  with 
the  Fortum/TVO  project)  Eq.  (4): 
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where,  mrock/mCo2  (kg(kg)  is  given  by  Eq.  (3). 

6.  Feasibility  of  the  Considered  Deposits  for 
Meri-Pori  C02 

6.1  Hitura  Mine  Rock 

As  noted  in  Section  4.2,  the  rock  available  at  Hitura 
has  a  theoretical  capacity  to  sequester  more  than  400 
Mt  C02.  Fig.  3  shows  the  amount  of  rock  needed  to 
carbonate  1  t  C02  as  a  function  of  Mg  extraction,  for 
full  and  partial  (65%)  carbonation  extent.  With 
Mg(OH)2  production  levels  of  the  order  of  80% 
obtained  so  far  for  the  rock  processing  according  to 
Nduagu  et  al.  [32,  34-35],  the  process  would  require 


0.20         0.40        0.6O  0.80 
Mg(OH)2  extraction  from  rock  Mg  (-) 

(a) 


0.00 


1.00 


0.20       0.40       0.60  0.80 
Mg(OH)2  extraction  from  rock  Mg  (■) 

(b) 

Fig.  3  Rock  consumption  rate  and  availability  at  Hitura 
depending  on  extraction  of  Mg  from  the  rock,  for  full  (a)  or 
partial  (b)  carbonation  of  the  Mg(OH)2  produced. 

~AVi  t  rock/ton  C02  and  could  sequester  1.2  Mt  C02/y 
during  a  period  of  ~200  years  with  65%  Mg(OH)2 
carbonation. 

According  to  Romao  et  al.  [21] — see  also  Table 
1 — the  heat  requirements  would  then  be  ~6  GJ/t  C02 
which  can  be  reduced  by  heat  integration.  It  would  be 
reduced  to  ~4  GJ/t  C02  if  extraction  and  carbonation 
levels  >  90%  can  be  realised. 

The  distance  of  around  350  km  from  Meri-Pori  to  the 
Hitura  site  would  add  a  few  €/t  (on-shore  pipeline) 
transport  costs  to  this  CCS  option,  making  a  site  like 
Stormi-Vammala  more  attractive. 

6.2  Vammala  (Stormi-Vammala)  Nickel  Mine  Rock 

As  presented  in  Section  4.3,  the  rock  available  at 
Stormi-Vammala  has  a  theoretical  capacity  to 
sequester  ~  50  Mt  C02.  Fig.  4  shows  the  amount  of 
rock  needed  to  carbonate  1  t  C02  as  a  function  of  Mg 
extraction,  for  full  and  partial  (65%)  carbonation  extent. 
With  Mg(OH)2  production  levels  of  -25%  obtained  for 
the  rock  processing  [46]  the  process  would  require  ~12 
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(a) 


0.00        0.20        0.40        0.60        0.80  1.00 


Mg(OH)2  extraction  from  rockMg  (■) 

(b) 

Fig.  4  Rock  consumption  rate  and  availability  at 
Stormi-Vammala  depending  on  extraction  of  Mg  from  the 
rock,  for  full  (a)  or  partial  (b)  carbonation  of  the  Mg(OH)2 
produced. 

ton  rock/ton  CO2  and  could  fix  1 .2  Mt/y  during  a  period 
of  <  10  years  only,  with  65%  Mg(OH)2  carbonation. 

The  heat  requirements  would  be  in  the  range  of 
4.5-20  GJ/t  CO2  depending  on  whether  non-reactive 
material  behaves  as  inert  or  not.  These  values  can  be 
reduced  somewhat  by  heat  integration  but  the  most 
urgent  need  for  improvement  is  the  extraction  of  Mg 
and  producing  more  Mg(OH)2  from  the  rock  material. 
With  the  current  result  the  contribution  of  crushing  and 
grinding  the  rock  material  will  change  from  a  few  %  to 
a  significant  energy  penalty. 

6.3  Pori  Olivine  Deposits  Rock 

A  small  number  of  experiments  were  carried  out 
with  olivine  from  Aheim  in  Norway,  which  confirmed 
(with  <  10%  of  present  Mg  extracted)  the  hypothesis 
that  the  method  developed  by  Nduagu  [32],  Fagerlund 
et  al.  [34]  and  Salonen  et  al.  [35]  is  not  well  applicable 
to  olivines.  Tests  on  the  Satakunta  olivine  diabase  gave 


no  good  result:  Mg  extraction  was  a  disappointing  1 5% 
of  the  material's  Mg  content  which  is  already  quite  low 
at  only  5.5%.  Work  at  AA  is  ongoing  to  further  analyse 
the  application  of  the  Mg(OH)2  production  method  on 
minerals  like  olivine  and  enstatite,  besides  serpentine. 

6.4  Suomusjdrvi  Olivine  Deposits  Rock 

The  experimental  results  showed  that  Mg(OH)2 
could  be  produced  only  from  the  rock  material 
Suomusjarvi-2,  (Nummi-Pusula),  at  an  extraction  of  ~ 
14%  of  the  ~21%-wt  of  MgO  in  the  material.  This 
implies  that  ~3  t  Mg(OH)2  can  be  produced  from  ~1 00 1 
of  rock,  which  is  -10-15  x  the  amount  of  rock  needed 
compared  to  a  Hitura-type  serpentinite  and 
crushing/grinding  energy  needs  become  a  significant 
cost  factor.  As  noted  above,  more  work  is  needed  on 
extending  the  capabilities  of  the  Nduagu  et  al.  [32, 
34-35]  route  to  Mg(OH)2  production  from  "low  quality" 
(<  20%-wt  MgO)  type  of  rock. 

7.  Combined  SO2  Capture  and  CO2 
Mineralisation:  Scope 

7.1  Background 

Very  few  studies  have  been  conducted  using 
Mg(OH)2  for  SOx  and/or  CO2  capture,  mainly  due  to  its 
limited  operational  temperature  range  [52,  53],  but 
there  are  some  studies  that  consider  the  use  of  MgO 
based  sorbents  [54,  55].  Still,  a  similar  material  that  has 
been  much  more  studied  is  calcium  oxide  [52-53, 
56-58].  Although  calcium-based  species  are  not 
abundant  enough  for  large  scale  CO2  sequestration  at 
levels  that  mitigate  global  warming  and  climate  change 
[59],  it  is  being  widely  studied  for  the  use  of  separating 
CO2  from  flue  gases  by  means  of  thermal  cycling  (see 
e.g.  a  review  by  Stanmore  and  Gilot  [60].  The  idea  is  to 
carbonate  CaO  in  one  FB  (fluidised  bed)  reactor  and 
then  decompose  the  formed  CaC03  in  another  FB 
releasing  a  pure  stream  of  CO2,  while  simultaneously 
recovering  the  CaO  for  re-use  in  the  first  reactor.  In 
contrary  to  these  studies,  carbonation  of  Mg(OH)2  for 
CO2  sequestration  purposes  does  not  require  the 
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recycling  of  the  reactant,  and  the  product  from  the 
carbonation  unit  is  ready  for  use  or  final  disposal.  This 
is  beneficial  as  the  continuous  carbonation-calcination 
cycling  has  been  shown  to  reduce  (often  quickly)  the 
performance  of  the  used  material  (CaO,  in  most  cases) 
[60]. 

In  the  case  of  simultaneous  sulphation  and 
carbonation  experiments  with  Ca(OH)2  or  CaO, 
sulphate  formation  has  been  found  to  dominate  in  an 
SO2  (1  ppm)  and  CO2  (6  ppm)  containing  gas  [57]. 
While  the  conditions  were  different  from  those  studied 
here,  it  was  also  noted  that  SO2  readily  reacts  with  Ca 
species  at  dry  conditions,  while  some  humidity  was 
needed  to  form  carbonate.  On  the  other  hand,  Stanmore 
and  Gilot  [60]  argued  that  carbonation  is  initially  much 
faster  than  sulphation  and  only  in  the  longer  run  does 
sulphation  become  the  principal  reaction.  It  should  be 
noted  that  the  conditions  did  not  incorporate  elevated 
pressures. 

Despite  the  fact  that  SO2  readily  reacts  with 
Ca-based  sorbents,  the  conversion  levels  of  30%-50% 
[53,  61]  leave  room  for  improvement.  The  reason  for 
the  low  conversion  levels  has  been  attributed  to  the 
closing  of  pores  at  the  surface  of  the  reacting  particles 
due  to  the  larger  molar  volume  of  calcium  sulphate 
than  that  of  either  calcium  oxide  or  carbonate  [60]. 

To  date,  most  of  the  experiments  using  the  AA 
mineral  carbonation  process  have  only  involved  pure 
(pressurized)  CO2.  However,  in  order  for  the  process  to 
become  a  realistic  alternative,  it  is  apparent  that  it  needs 
to  work  with  diluted  CO2  streams  as  well,  such  as 
industrial  flue  gases.  Here,  we  present  the  results  from  a 
number  of  experiments  using  CO2  containing  a  small 
amount  of  sulphur  dioxide  and  oxygen,  both  of  which 
are  common  components  in  typical  industrial  flue  gases. 

If  successful,  simultaneous  carbonation  and 
sulphation  may  motivate  the  removal  of  FGD 
equipment  from  sulphur-containing  fossil  fuel-fired 
power  plants. 

7.2  Materials  and  Methods 

The  materials  used  for  the  gas-solid  carbonation 


experiments  consists  of  two  different  types  of 
Mg(OH)2,  one  commercially  obtained  (Dead  Sea 
Periclase  Ltd.)  and  one  derived  from  Finnish 
serpentinite  according  the  AA  process  described 
briefly  above.  From  here  on,  these  will  be  referred  to  as 
D-Mg(OH)2  and  S-Mg(OH)2,  respectively. 

D-Mg(OH)2  has  already  been  studied  extensively 
[37]  and  is  here  used  as  a  reference  in  this  paper. 
However,  the  difference  between  S-Mg  (OH)2  and 
D-Mg(OH)2  is  apparent  from  surface  analysis  and 
typically  S-Mg(OH)2  has  a  much  higher  specific 
surface  area  (-50  vs.  -5  m2/g)  and  porosity  (0.24  crnVg 
vs.  0.024  cmVg)  than  D-Mg(OH)2.  For  this  reason, 
S-Mg(OH)2  offers  a  much  greater  potential  in  form  of 
reactivity  and  reaction  extent  than  D-Mg(OH)2. 

The  gaseous  sources  for  the  carbonation  experiments 
were  a  high  purity  (99.999%  vol)  C02  bottle  and  a 
pre-mixed  C02-02-S02  bottle  with  90,  8  and  2%-vol  of 
the  components,  respectively.  For  some  experiments 
steam  was  added  to  the  gas  stream.  The  amount  of  SO2 
in  the  gas-mixture  was  varied  between  0  and  20,000 
ppmv. 

A  more  thorough  description  of  the  methods  used  to 
carbonate  Mg(OH)2  can  be  found  elsewhere  [36,  37], 
but  a  short  summary  is  also  given  here. 

The  experimental  setup  for  gas/solid  carbonation  at 
AA,  see  Fig.  5,  consists  of  a  small  (height  -0.5  m,  inner 
diameter  -1.5  cm)  PFB  (pressurised  fluidised  bed)  that 
is  operated  by  preheating  the  incoming  fluidisation  gas 
and  by  maintaining  the  reactor  at  the  target  conditions 
during  each  experiment.  The  PFB  is  operated  as  a 
bubbling  fluidised  bed  and  run  in  batch  mode  (max. 
temp.  -600  °C,  max  pressure  -100  bar).  After  each 
experiment  the  particles  are  blown  out  and  collected  by 
a  cyclone  for  easy  removal. 

The  appropriate  fluid  velocity  is 
regulated/maintained  by  two  flow  controllers  that 
allow  for  the  mixing  of  two  gas  streams.  In  addition  a 
HPLC-pump  is  used  for  adding  water  to  the  system 
prior  to  the  preheater  when  steam  is  required  in  the 
reaction  gas.  In  contrary  to  previous  studies,  where  a 
simple  method  of  reacting  the  carbonated  product  with 
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here,  the  formation  of  MgSCh  is  found 
thermodynamically  infeasible  (see  also  Fig.  6),  but  in 
the  presence  of  oxygen  the  following  reaction  has  been 
suggested  [54,  57]: 

MgO  +  S02(g)  +  '/202(g)  <->  MgS04  (7) 
Increasing  the  concentration  of  oxygen  further, 
increases  the  amount  of  sulphur  trioxide  in  the  gas  and 
thus  the  reaction  between  MgO  and  SO3  also  needs  to 
be  considered  [54]: 

MgO  +  S03(g) «-»  MgS04  (8) 
In  addition  to  the  reactions  above,  the  possibility  of 
MgC03  reacting  with  S02  (or  S03)  to  form  MgS04 
cannot  be  ignored.  The  conversion  of  MgC03  to 
MgS04  is  given  by  the  equation  below: 

MgC03  +  S02(g)  +  '/202(g)  <->  MgS04+  C02(g)  (9) 
From  thermodynamic  equilibrium  calculations 
(HSC  Chemistry  5.11  software)  it  can  be  concluded 
that  both  Eqs.  (8)  and  (9)  are  thermodynamically 
favoured  under  the  experimental  conditions 
investigated  here.  It  appears  that  MgS04  is  stable  up 
to  640  °C  for  SO2  and  SO3  concentrations  above  0.1 
ppmv.  Furthermore,  as  long  as  the  CO2/SO2  ratio  is 
below  1010,  sulphation  of  MgC03  is  also  feasible  as  can 
be  shown  in  Fig.  6.  In  other  words,  even  if  the 
concentration  of  SO2  is  only  0.1  ppbv  in  CO2,  sulphate 
is  stable.  In  order  to  perform  the  equilibrium 
calculations,  the  amount  of  oxygen  in  the  gas  was 
arbitrarily  chosen  to  be  3.5%-vol. 


Fig.  5    Schematic  diagram  of  the  PFB  setup  at  AA  [36,  37]. 

hydrochloric  acid  could  be  used  for  determining  the 
carbonate  content  [61],  the  now  both  carbonated  and 
sulphated  Mg(OH)2  samples  were  analysed  for 
elemental  carbon  and  sulphur  using  an  ELTRA 
elemental  analyser. 

7.3  Thermodynamics 

We  have  recently  concluded  that  the  reaction 
between  Mg(OH)2  and  CO2  is  likely  taking  place  in 
accordance  to  the  following  overall  equations  [37,  38]: 
Mg(OH)2  <->  MgO-H20*  <->  MgO  +  H20(g)  (5) 
MgO-H20*  +  C02(g)  <->  MgC03  +  H20(g)  (6) 
To  highlight  the  role  of  H2O,  the  assumed 
intermediate  product  of  Mg(OH)2  dehydroxylation  is 
MgO-H20*,  which  corresponds  to  magnesium  capable 
of  forming  carbonate.  In  the  absence  of  water  the 
reaction  between  MgO  and  CO2  is  slow  and  likewise  if 
the  temperature  for  Mg(OH)2  dehydroxylation  is  not 
exceeded  very  little  carbonation  will  take  place  [62]. 
Adding  sulphur  dioxide  to  the  reaction  gas  will 
compete  with  the  formation  of  magnesium  carbonate, 
but  to  what  extent  is  highly  dependent  on  the  SO2 
concentration.  In  any  case,  a  SO2  concentration  at  < 
0.5%-vol  is  much  lower  than  that  of  CO2  in  a  typical 
flue  gas.  Similar  conclusions  have  also  been 
established  for  calcium-based  species  [63]. 

Hartman  and  Svoboda  [54]  suggested  alternative 
reaction  mechanisms  between  magnesium  species  and 
SO2.  However,  in  the  reaction  conditions  investigated 


8.  Combined  SO2  Capture  and  CO2 
Mineralisation:  Results 

8.1  Test  Results  with  D-Mg(OH)2 

In  accordance  with  results  from  experiments  with 
calcium-based  species  [56,  57]  and  the  thermodynamic 
calculations  shown  in  Fig.  6,  the  reactivity  of  Mg(OFf)2 
towards  SO2  (and  SO3)  is  significant  as  shown  in  Fig.  7. 

Typically,  the  concentration  of  SO2  in  a  flue  gas  is 
much  lower  than  20,000  ppmv,  hence  the  most 
interesting  result  in  Fig.  7  are  the  ones  showing  the 
influence  of  SO2  concentrations  below  5,000  ppm 
(0.5%-vol). 


Carbon  Dioxide  Mineralisation  and  Integration  with  Flue  Gas  Desulphurisation 
Applied  to  a  Modern  Coal-Fired  Power  Plant 


50% 


443 


400  500  600  700  800 

Temperature  (°C) 

Fig.  6  Equilibrium  concentrations  of  S02  (Eq.  (7))  and  S03 
(Eq.  (8)),  together  with  the  equilibrium  ratio,  C02/S02  (Eq. 
(9))  as  a  function  of  temperature  based  on  Gibbs  energy 
minimisation  calculations  (HSC  Chemistry  5.11).  02 
(arbitrarily  chosen)  in  the  gas  phase:  3.5%  vol. 
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Fig.  7  The  influence  of  S02  concentration  (0-20,000  ppmv) 
on  the  reactivity  of  D-Mg(OH)2  (125-212  um)  under  a  total 
pressure  of  25  bar.  The  experiment  time  was  15  minutes.  p02 
=  4-pS02  in  dry  C02. 

Interestingly  the  influence  of  SO2  is  much  stronger 
than  that  of  CO2,  although  it  was  present  in  much  lower 
concentrations  (90%-vol  C02  vs.  2%-vol  S02). 
However,  S02  is  a  much  stronger  acid  than  C02  and 
likely  has  a  stronger  affinity  for  the  basic  surface  of  the 
Mg(OH)2  particles.  Carbonation  is  inhibited 
considerably  in  the  presence  of  even  small  amounts 
(500  ppmv)  of  S02. 

The  small  increase  in  carbonate  formation  between 
experiments  performed  under  1,000  and  5,000  ppmv 
S02  is  interesting,  but  could  be  the  result  of  slightly 
differing  temperature  conditions  inside  the  fluidised 
bed. 

All  experiments  shown  in  Fig.  7  were  performed  for 
15  min.  The  initial  conversion  of  D-Mg(OH)2  is 
comparatively  fast  and  can  be  shown  in  Fig.  8  from  a 
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Fig.  8  Reactivity  of  D-Mg(OH)2  at  510  °C,  25  bar.  S02 
concentration  20,000  ppmv  (=  2%-vol). 
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Fig.  9  Carbonate  (a)  and  sulphate  (b)  conversion  using 
D-Mg(OH)2  as  a  function  of  temperature  at  25  bar  and  p02 
=  4  pS02  in  dry  C02. 

set  of  experiments  performed  under  similar  conditions 
(510  °C,  25  bar),  but  for  different  durations.  However, 
it  should  be  noted  that  2%-vol  S02  in  the  gas-phase  is 
atypically  high  compared  to  industrial  standards. 

Although  the  influence  of  temperature  can  be  seen 
from  Fig.  7,  it  is  easier  to  compare  its  effect  on  both 
carbonation  and  sulphation  from  Fig.  9. 

Increasing  the  temperature  beyond  520  °C  at  25  bar, 
results  in  the  decomposition  of  MgC03,  which  is  why 
this  is  the  maximum  temperature  in  the  graphs  in  Fig.  9. 
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It  is  likely  that  a  further  increase  in  temperature 
would  result  in  a  slightly  higher  sulphation  degree  after 
which  pore  closure  is  expected.  The  porosity  of  the 
used  D-Mg(OH)2  material  is  relatively  low  (0.024 
crnVg)  and  it  has  been  noted  to  limit  the  overall 
conversion  attainable  during  carbonation  experiments 
[37]. 

Gaseous  sulphur  contents  between  500  and  5,000 
ppmv  resulted  in  similar  carbonation  but  varying 
sulphation  extents.  Clearly  the  formation  of  sulphates 
is  primarily  driven  by  Eqs.  (7)  and  (8),  while  the 
transformation  of  carbonate  to  sulphate,  Eq.  (9),  is  less 
pronounced.  A  similar  conclusion  was  reached  by 
Wang  et  al.  [64],  who  studied  the  simultaneous 
sulphation  and  carbonation  of  CaO  in  a  CO2  rich  gas 
(oxy-fuel  combustion)  in  the  presence  and  absence  of 
steam  at  600-800  °C. 

8.2  Test  Results  with  Serpentinite-Derived  Mg(OH)2 

In  order  to  investigate  the  effect  of  pore  closure  also 
S-Mg(OH)2  material  was  used  for  the  experiments.  The 
results  from  only  three  such  experiments,  shown  in  Fig. 
10,  indicated  that  both  carbonation  and  sulphation 
increased,  likely  due  to  the  increased  particle  surface 
area.  However,  more  experiments  are  required. 

In  addition,  two  experiments  with  steam  in  the 
gas-phase  were  performed,  but  both  experiments 
(1%-vol,  2%-vol  steam)  resulted  in  lower  overall 
conversion  of  the  material.  Thus  it  seems  that, 
dehydroxylation  is  a  necessary  precursor  to  both 
carbonation  and  sulphation.  This  is  a  topic  for  future 
work,  while  scale-up  tests  are  ongoing  on  producing 
larger  batches  of  S-Mg(OH)2  from  various  types  of 
rock. 

9.  Conclusions 

A  study  was  made  on  the  application  of  CO2  mineral 
carbonation  for  the  sequestration  of  CO2  from  the 
Meri-Pori  power  plant  in  Finland,  after  a  plan  for 
"convential"  CCS,  or  rather  CCE  (carbon  capture  and 
export),  to  a  presumably  off-shore  geological  storage 
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Fig.  10  Carbonate-  (a)  and  sulphate  (b)  conversion  using 
serpentinite-derived  Mg(OH)2  as  a  function  of  temperature 
at  25  bar  and  p02  =  4-/?sa2  in  dry  C02.  For  reference 
purposes,  the  results  using  D-Mg(OH)2  at  similar  conditions 
(500  and  1,000  ppmv  S02)  have  also  been  included. 

site  was  cancelled.  Serpentinite  rock  at  Hitura,  a  nickel 
mine  at  about  ~350  km  from  Meri-Pori  would  be 
useful,  with  good  and  well-defined  process  chemistry 
and  energy  efficiency,  and  is  available  in  much  more 
than  sufficient  amounts.  Serpentinite  rock  available  at  a 
shorter  distance  of  about  70-80  km  at  Vammala 
appears  to  be  available  in  a  reasonably  sufficient 
amount  but  the  production  of  Mg  (OH)2  for  subsequent 
carbonation  must  be  improved  before  it  can  be 
considered.  Production  of  Mg  (OH)2  from  rock  from 
the  site  is  challenging  as  a  result  of  varying  magnesium 
silicate  mineral  types  (serpentine,  amphibole, 
pyroxene).  Yet  more  improvement  and  R&D  work  is 
needed  on  olivine-containing  dunites  (>  90%  olivine), 
peridotites  (60%- 100%  olivine)  and  olivine 
diabase-type  rock:  The  latter  is  available  in  the 
immediate  surroundings  of  the  Meri-Pori  power  plant 
but  the  Mg(OH)2  production  method  is  not  (so  far)  able 
to  extract  more  than  a  few  %  of  the  materials  Mg 
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content,  which  is  also  much  lower  than  for  the 
serpentinites  considered.  Also  the  possibility  to 
co-capture  SO2  and  CO2  was  evaluated.  It  was  found 
that  the  reactivity  of  Mg(OH)2  towards  SO2  in  the 
presence  of  CO2  at  pressurised  conditions  is  significant 
even  under  low  SO2  partial  pressures.  As  a 
consequence,  the  possibility  to  replace  a  conventional 
flue  gas  desulphurisation  unit  with  a  combined  CO2 
and  SO2  scrubber  could  be  considered.  However,  in 
order  to  be  more  conclusive,  additional  experiments  are 
required. 
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Abstract:  Embracing  renewable  energy  technology  makes  a  lot  of  sense  for  the  public  sectors  and  schools  as  it  meets  the  government 
sustainability  goals  and  provides  a  financially  viable  means  of  achieving  carbon  savings  while  offering  income  potential.  This  study  is 
aimed  to  quantify  the  achievable  energy  saving  by  spread  use  of  photovoltaic  systems  on  public  building  stock  in  the  city  of  Rome.  The 
installation  of  PV  (photovoltaic)  systems  in  the  historic  center  depends  on  the  feasibility  conditions,  generally  more  complex  compared 
to  the  cases  examined  in  the  consolidated  city,  because  they  require  compliance  with  the  formal  and  aesthetic  characteristics  of  the 
buildings,  so  the  choice  must  be  made  between  compatible  components,  which  allow  to  minimize  the  transformation.  The  suburbs  are 
characterized  by  large  plane  roofs  in  bad  conditions  and  belonging  to  isolated  buildings,  so  the  useful  surface,  according  to  shading 
condition,  offers  a  big  potential  for  renewable  technologies.  The  research  provides  an  evaluation  of  maximum  production  of  solar 
energy  and  the  subsequent  energy  saving  and  reduction  of  greenhouse  gasses,  using  parametric  data,  and  an  evaluation  of  the 
cost-effectiveness,  with  a  rough  calculation  of  return  on  investment. 

Key  words:  Schools,  photovoltaic  systems,  energy  saving,  solar  energy,  sustainability. 


1.  Introduction 

The  idea  of  generating  electricity  with  less  pollution 
is  becoming  more  and  more  attractive.  The  interest  in 
environmental  issues  is  increasing  the  use  of  free  solar 
energy  through  photovoltaic  technologies.  Since  1 970, 
the  PV  price  has  continuously  dropped,  encouraging 
worldwide  application  of  small-scale  PV  systems  [1]. 
Today  these  systems  can  be  easily  installed  on  the  roof 
of  residential  as  well  as  of  public  buildings  at  low  costs. 
So  the  public  authorities  may  undertake  investments 
aimed  to  make  the  public  stock  more  sustainable. 

The  case  of  school  building  stock  in  the  city  of  Rome 
can  be  a  meaningful  example  to  analyze  the  potential  of 
a  spread  use  of  photovoltaic  technologies  on  public 
buildings.  The  objective  of  this  contribution  is  to 
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quantify  the  available  roof  surface  area  and  the  benefits 
in  terms  of  energy  and  cost  saving  for  large-scale 
evaluations  of  photovoltaic  energy-potential. 

In  Europe  there  is  a  vast  scientific  literature  related 
to  energy  aspects  of  school  buildings,  focused 
primarily  on  the  assessment  of  the  current  energy 
consumption  and  the  individuation  of  strategies  for 
energy  savings  in  Italy  [2-4].  Many  papers  then  are 
dedicated  to  the  definition  of  guidelines  for  the 
improvement  of  the  indoor  air  quality  and  on  the 
impact  of  indoor  conditions  on  students'  performances 
[5]. 

However,  there  is  no  study  in  literature  focused 
specifically  on  the  application  of  solar  technologies  on 
school  buildings,  while  solar  systems  are  included  only 
in  some  publications  as  possible  strategies  for  energy 
saving.  The  only  existing  article,  addresses  this  issue 
relatively   to   the   educational   potential   of  solar 
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technologies  [6]. 

An  analysis  of  the  potential  applications  of 
photovoltaic  systems  on  a  large  scale,  and  of  the 
benefits  in  terms  of  energy  and  cost  saving,  appears  to 
be  completely  new  in  the  scientific  literature. 

2.  The  Analyzed  Sample 

The  analysis  has  been  focused  on  Rome's  school 
building  stock,  composed  by  1 ,296  structures  for  a  total 
of  13.5  million  cubic  meters.  It  is  estimated  a  total 
electricity  consumption  for  the  entire  school  building 
stock  of  50.  9  GWh  per  year. 1 

The  methodology  proposed  in  this  paper  allows  to 
estimate  the  roof  area  available  for  solar  applications 
on  a  sample  of  271  schools  in  Rome,  located  in  10 
administrative  districts  [7,  8].  The  sample  under 
consideration  corresponds  to  the  20%  of  the  total  stock, 
thus  it  can  be  considered  very  significant. 

The  subdivision  on  administrative  districts  allows  to 
diversify  the  analysis  in  relation  to  the  types  of 
buildings,  considering  that  buildings  located  in 
peripheral  districts  are  often  younger  than  the  ones  in 
central  areas.  Modern  buildings  are  often  more  suitable 
for  photovoltaic  systems  because  they  have  large  and 
flat  roofs  and  they  receive  less  cast  shadows  that  may 
affect  the  efficiency  of  the  panels  because  they  are 
often  isolated  and  quite  far  from  surrounding  buildings. 
Historic  buildings  instead  have  less  available  surface,  a 
greater  use  of  pitched  roof  and  more  limits  and 
constraints  imposed  by  law  for  the  defense  of 
landscape  and  historical  and  architectural  values.  So, 
refurbishment  and  energy  retrofit  as  well  as  installation 
of  renewable  energy  systems  are  easier  to  undertake  in 
modern  buildings  than  in  historic  ones. 

However,  it  has  been  considered  the  installable 
power  on  both  historic  and  modern  schools,  in  order  to 
quantify  the  potential  energy  saving  and  economic 
advantage  in  all  different  conditions,  according  to  the 
current  legal  framework. 


3.  Legal  Framework 
Generation  in  Italy 
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'Data  provided  by  the  city  of  Rome's  department  for  assets 
management. 


In  Italy,  the  system  of  incentives  for  photovoltaic 
generation  known  as  "feed-in  tariff  was  introduced  in 
2003  as  implementation  of  EU  directive  2001/77/CE 
and  is  now  in  its  fifth  edition  with  ministerial  decree  of 
July  5,2012  [9]. 

According  to  the  actual  legal  framework,  it  is 
possible  to  enhance  the  energy  produced  by  the 
photovoltaic  plants  in  two  ways:  through  feed-in 
incentives  or  through  net  metering.  In  fact,  unlike  the 
previous  support  schemes,  net  metering  will  be  no 
longer  a  benefit  combined  to  feed-in  incentives  but  will 
be  an  alternative  to  feed-in  incentives  [10]. 

Feed-in  incentives  are  sort  of  operating  grants, 
because  they  do  not  provide  any  supplement  for  plant's 
commissioning  but  only  premium  tariffs  for  energy 
produced  during  the  first  20  years  of  life  of 
photovoltaic  plants.  Incentives  are  composed  by  an 
all-inclusive  feed-in  tariff  paid  to  the  share  of  net 
electricity  injected  into  the  grid  and  a  premium  tariff 
paid  to  the  share  of  net  electricity  consumed  on  site;  in 
addition,  users  will  benefit  from  energy  bill  reduction. 

The  net  metering  instead  is  a  system  for  energy 
exchange  for  which  the  electricity  generated  by  a  user 
and  injected  into  the  grid  can  be  used  to  offset  the 
electricity  withdrawn  from  the  grid  by  the  same  user. 
Therefore  in  this  case  users  will  benefit  only  from 
energy  bill  reduction,  which  will  be  greater  than  that  of 
the  case  of  feed-in  incentives  as  all  of  the  energy  is 
used  to  meet  the  needs  of  users.  In  addition,  net 
metering  users  can  benefit  from  tax  deduction  for 
building  renovations  that  are  not  compatible  with 
feed-in  incentives.  In  this  case  the  grant  is  configured 
as  a  tax  discount  congruent  to  the  cost  of  installation, 
independent  of  the  electricity  production  of  the 
photovoltaic;  the  deduction  for  2012  is  of  50%,  for  a 
maximum  of  96,000€  [11]. 

In  short,  we  can  consider  two  alternatives  financing 
for  photovoltaic  systems,  which  depend  on  different 
intervention  strategies: 
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Feed-in  operating  scheme,  for  which  it  will  be 
necessary  to  assess  whether  it  is  better  to  maximize  the 
installed  power  or  the  gain,  considering  that  the 
economic  favorability  increases  with  the  rate  of  energy 
consumed  on  site.  In  this  case  also  the  intervention  may 
be  either  public  or  private. 

Net  metering  operating  scheme,  for  which  it  will  be 
necessary  to  limit  the  power  installed  to  actual  user 
needs  and  to  involve  private  societies  called  ESCO 
(Energy  Service  Companies)  that  can  benefit  from  the 
tax  deductions. 

It  is  important  to  remember  that  both  funding 
schemes  provided  by  law  may  change  over  time,  the 
study  is  based  on  the  current  conditions. 

It  has  excluded  the  hypothesis  of  energy  storage 
through  batteries,  for  the  reduced  profitability  of  such 
plants,  characterized  by  high  costs  of  installation  and 
maintenance,  and  low  levels  of  efficiency  in  the  long 
term. 

4.  The  Methodology 

The  operating  scheme  of  PV  systems  under 
consideration  is  that  of  the  city  of  Rome,  located  at 
41.54°N  longitude,  12.27°E  longitude,  37  m  elevation 
over  sea  level;  the  characteristics  of  solar  radiation  are 
shown  in  Table  1 . 

The  sample  under  analysis  was  first  divided  according 
to  the  type  of  buildings  to  estimate  the  percentage  of 
area  usable  for  plant  installation,  single-storey  buildings 
were  not  considered  because  of  the  high  level  of 
shadows  cast  by  surrounding  buildings.  For  higher 
buildings  they  have  been  considered  usable  for  plant 
installation  the  40%  of  surface  area  in  case  of  flat  roofs, 
and  the  20%  in  the  case  of  pitched  roofs.  The  values  are 
clearly  hypothetical  and  conservative,  functional  to  the 
scale  of  the  analysis.  It  was  then  possible  to  estimate  the 
installable  power  of  each  building,  assuming  a 
widespread  use  of  silicon  modules  having  an  average 
efficiency  of  14%,  corresponding  to  1  kW  per  8  m2  of 
floor  space.  The  costs  of  the  photovoltaic  technology 
have  been  fixed  on  the  basis  of  market  analysis,  at  3,000 
€/kW.  For  the  productivity  it  has  been  considered  an 


Table  1  Characteristics  of  climate  and  of  solar  radiation, 
source:  photovoltaic  geographical  information  system. 


Month 

Hh 

Hopt 

lopt 

D/(j 

January 

1,650 

2,600 

62 

0.54 

February 

2,270 

3,130 

53 

0.54 

March 

3,650 

4,510 

42 

0.47 

April 

4,960 

5,410 

28 

0.43 

May 

J,y  /U 

1 J 

June 

6,590 

6,220 

8 

0.40 

July 

6,630 

6,400 

12 

0.38 

August 

5,780 

6,110 

24 

0.38 

September 

4,450 

5,350 

39 

0.39 

October 

3,030 

4,170 

51 

0.44 

November 

1,870 

2,900 

60 

0.51 

December 

1,430 

2,320 

64 

0.56 

Year 

4,030 

4,590 

33 

0.43 

irradiation 

2; 


Hi, — irradiation  on  horizontal  plane  (Wh/m  /day),  H, 
on    optimally    inclined   plane:    33    degrees  (Wh/nrVday), 
Iopt — optimal  inclination  (deg.),  D/G — ratio  of  diffuse 
irradiation  (-),  TD — average  daytime  temperature  (°C). 


average  value  of  1,350  kWh/kW  for  flat  roof  and  1,100 
kWh/kW  for  pitched  roof.  On  flat  roofs  in  fact  there  is  a 
greater  freedom  of  installation  and  it  is  possible  to 
place  the  modules  with  an  optimal  orientation.  These 
values  were  obtained  by  assuming  a  balance  of  system 
average  of  80%. 

Electric  energy  consumption,  cumulatively  provided 
by  the  city  of  Rome's  department  for  assets 
management  was  divided  by  the  total  usable  areas, 
resulting  in  an  average  consumption  of  1 5  kWh/m2  per 
year  [12].  This  value  is  congruent  to  the  types  in 
analysis,  characterized  by  a  low  technological  level  and 
a  large  use  of  gas  heating  systems. 

The  schools  are  low-tech  buildings,  it  has  been 
considered  only  the  electric  consumption  due  to 
lighting,  neglecting  the  small  amount  due  to  other 
equipment  such  as  computers,  elevators  and  offices'  air 
conditioning  systems. 

Assuming  therefore  to  utilize  all  the  available 
surfaces,  it  is  possible  to  make  a  comparison  between 
electric  energy  consumption  and  production  in  each 
administrative  district.  The  analysis,  reported  in  Fig.  1 , 
shows  that  the  potential  contributing  to  renewable 
energy  exceeds  building  needs  of  almost  50%.  It  is 
necessary  to  point  out  that  the  calculation  of  energy 
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consumption  is  considered  in  the  kindergartens  that 
being  single-storey  buildings,  do  not  contribute  to  the 
production  of  electricity.  These  buildings  are  the  35% 
of  the  total  sample  by  number  and  10%  by  volume. 
While  energy  consumption  is  fairly  equal,  there  is  a 
great  difference  in  energy  production  between  central 
districts  (I,  II,  III,  VI,  IX,  XVII)  and  peripheral 
districts  (XI,  XII,  XIII,  XV)  that  can  be  justified 
considering  that  modern  buildings  are  often  located  in 
peripheral  districts,  which  are  more  suitable  for  PV. 

In  a  second  step,  it  has  been  considered  the  average 
installable  power  on  buildings,  reported  in  Fig.  2  with 
two  curves  showing  the  maximum  power  obtainable 
using  all  the  roofs  and  the  installable  power  for 
net-metering.  In  this  case,  the  installed  power  in  each 
building  has  been  reduced  to  the  effective  building's 
energy  need.  The  average  power  installed  is  40  kW  per 
building,  22  kW  in  the  case  of  net  metering. 

In  the  end  it  has  been  considered  the  total  costs  for 
intervention,  related  to  simple  pay-back  time,  in  order 
to  quantify  the  budgets  and  the  economic  advantages  of 
PV  systems.  The  analysis  has  been  performed 
considering  for  the  case  of  feed-in  incentives  of  two 
different  strategies.  In  case  1,  it  has  pursued  the 
maximum  gain,  reducing  the  power  installed  in  order  to 
raise  the  share  of  energy  consumed  on  site.  In  fact  the 
feed-in  incentive  for  energy  consumed  on  site  added  to 
the  bill  reduction,  provides  a  gain  higher  than  the 
feed-in  incentive  for  energy  injected  into  the  grid. 
Table  2  reports  the  values  of  feed-in  incentives 
provided  by  the  feed-in  scheme  for  the  period  between 
March  and  July,  20 1 3  and  the  estimated  bill  reduction. 

To  estimate  the  exact  amount  of  energy  consumed 
on  site,  it  would  be  necessary  to  analyze  the 
consumption  of  each  school  and  the  productivity  of 
each  plant  on  an  hourly  basis.  On  such  a  large  scale 
analysis,  it  have  been  calculated  a  percentage  of 
consumption  on  site  of  62%,  for  the  share  of  energy 
produced  equal  to  the  annual  total  consumption.  This 
data  have  been  calculated  considering  the  average  daily 
productivity  of  a  standard  photovoltaic  plant  referred  to 


—  Electricity  consumption 
^— Max  energv  production 


Administrate  districts 


Fig.  1  Electric  energy  consumption  and  production  for 
cubic  meter  and  administrative  districts. 
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—Average  power  installable  for  n 


Fig.  2  Average  power  installable  on  buildings,  related  to 
the  administrative  districts. 

Table  2   Feed-in  incentives  and  bill  saving  for  power  installed. 


Energy  consumed  on 
site 


Energy  injected  into 
 the  grid  


3  <  kWp  <  20  <  kWp  3  <  kWp  <  20  <  kWp 

20  <200  20  <200 

Feed-in  tariff  0.089         0.075  0.171  0.157 

Bill  reduction  0.180  0.180 

Total  gain      0.269         0.255  0.171  0.157 

the  opening  days  of  school  buildings.  The  value  is 
almost  low  because  school  buildings  are  closed  during 
the  summer  months  in  which  there  is  the  highest 
productivity  of  photovoltaic  systems.  For  the  share  of 
energy  produced  exceeding  the  annual  total 
consumption  it  has  been  considered  a  percentage  of 
consumption  on  site  of  0%. 

Fig.  3  shows  the  result  of  the  analysis.  Net  metering 
is  the  strategy  that  provides  the  best  PBT,  lower  than 
the  one  of  feed-in  incentives  cases  1  and  2.  Cost  value 
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Fig.  3   Simple  PBT  related  to  total  investment  cost. 

is  indicative  of  the  potential  of  installation  and, 
consequently,  of  the  potential  environmental  savings, 
which  will  be  greater  in  absolute  terms  maximizing  the 
available  surfaces  as  in  case  2  of  feed-in  incentives.  In 
the  case  of  net  metering  the  emission  saving  on  20 
years  of  operability  of  the  plant  will  be  of  4.300  kg  of 
CO2,  in  the  case  of  feed-in,  utilizing  all  the  available 
surfaces  8.800  kg  of  CO2.  In  any  case  the  cost  of  a  kg 
of  CO2  saved  is  lower  than  0.20€.  In  relative  terms 
environmental  savings  will  be  greater  in  the  peripheral 
municipalities  where  there  is  a  greater  freedom  of 
installation  and  thus  it  is  possible  to  optimize  the 
system  efficiency. 

5.  Conclusions 

The  analysis  carried  out  shows  the  high  potential  for 
photovoltaic  installation  on  Roman  school  buildings. 
The  energy  needs  of  existing  school  buildings  for  the 
next  25  years  could  be  satisfied  with  an  investment  of 
about  80  million  €,  equal  to  the  actual  budget  for  nine 
years  of  electricity,  without  taking  into  account 
deductions  and  incentives. 

The  maximum  power  installable  on  the  entire  school 
building  stock  is  about  55  MW,  sufficient  to  reduce 
C02  emissions  of  763.000  t  during  twenty  years  of 
useful  life  of  the  plants.  The  short  PBT  (pay-back  time) 
makes  these  investments  profitable  for  the  involvement 
of  private  entities,  reducing  the  burden  on  the  public 
administration.  It  is  thus  necessary  to  have  a  strong  will 
on  the  part  of  the  public  administration,  able  to  involve 


private  entities  in  the  development  of  an  ambitious  and 
far-sighted  project. 

References 

[I]  L.  de  Santoli,  The  Community  of  Energy,  Quodlibet, 
Macerata,  2011,  p.  1-191.  (in  Italian) 

[2]  U.  Desideri,  S.  Proietti,  Analysis  of  energy  consumption  in 
the  high  schools  of  a  province  in  central  Italy,  Energy  and 
Buildings  34  (2002)  1003-1016. 

[3]  S.P.  Corgnati,  S.  Viazzo,  M.  Filippi,  A  method  for  heating 
consumption  assessment  in  existing  buildings:  a  field 
survey  concerning  120  Italian  schools,  Energy  and 
Buildings  40  (2008)  801-809. 

[4]  F.R.  d'Ambrosio  Alfano,  L.  Bellia,  A.  Boerstra,  F.  van 
Dijken,  E.  Ianniello,  G.  Lopardo,  et  al.,  Indoor 
Environment  and  Energy  Efficiency  in  Schools — Part  1 
Principles,  REHVA,  2010,  pp.  1-128. 

[5]  V.D.  Giuli,  O.D.  Pos,  M.D.  Carli,  Indoor  environmental 
quality  and  pupil  perception  in  Italian  primary  schools, 
Building  and  Environment  56  (2012)  335-345. 

[6]  N.  Amoroso,  D.A.  Balladin,  O.S.T.C.  Headley,  LA. 
McDoom,  A.  Parasram,  K.  Rampersad,  et  al.,  Introduction 
of  solar  energy  devices  to  secondary  schools  as  teaching 
aids,  Solar  Energy  64  (1998)  1-120. 

[7]     G.M.L.  Giudice,  F.  Fraticelli,  F.  Fornari,  C.  Calice, 
Analysis  of  energy  performance  of  school  building  stock 
in  Rome  [Online],  WIT  eLibrary  Web  site  (in  press), 
http://library.witpress.com/pages/PaperInfo.asp7PaperID 
=25201. 

[8]  L.  De  Santoli,  F.  Fraticelli,  F.  Fornari,  C.  Calice,  Energy 
performance  assessment  and  a  retrofit  strategies  in  public 
school  buildings  in  Rome,  Energy  and  Building  68  (2014) 
196-202. 

[9]  Law  387/2003  and  Decree  28  July  2005,  Implementation 
of  EU  Directive  2001/77/CE  "on  the  Promotion  of 
Electricity  Produced  from  Renewable  Energy  Sources  in 
the  Internal  Electricity  Market",  Official  Journal  [Online], 
25  (2004)  5-27, 

http  ://www  .camera,  it/parlam/leggi/deleghe/ 033  87dl.htm. 

[10]  Ministerial  Decree  of  5  Jul.  2012,  Incentives  for  energy 
supplied  by  PV  systems  (Incentivi  per  energia  da  fonte 
fotovoltaica),  Official  Journal  [Online],  159  (2012)  1-37, 
http://www.gazzettaufficiale.it/atto/serie_generale/carica 
DettaglioAtto/originario?atto.dataPubblicazioneGazzetta 
=20 1 2-07- 1 0&atto.codiceRedazionale=l  2A07629&elenc 
o30Giorni=false. 

[II]  Law  296/2006  (Italian  Financial  Act  2007),  Official 
Journal  [Online],  299  (2006)  1-341, 
http://www.camera.it/parlam/leggi/062961.htm. 

[11]  M.  Bertozzi,  M.  Casini,  F.  Leccese,  G.  Salvadori,  Analysis 
of  energy  demands  for  lighting  in  buildings,  Neo-Eubios. 
41  (2012)  46-56. 

[12]  D.  Pepe,  School  Environmentally  Friendly:  From  Kindergarten 
to  High  School,  Dei,  2009,  pp.  1-294.  (in  Italian) 


Journal  of  Energy  and  Power  Engineering  8  (2014)  453-460 


PUBLISHING 


Energy  Planning  in  Small  Municipalities  Based  on 
Monitoring  Results  and  Demand  Side  Management 

Dagnija  Blumberga,  Andra  Blumberga,  Marika  Rosa  and  Aiga  Barisa 

Institute  of  Energy  Systems  and  Environment,  Riga  Technical  University,  Riga,  LV-1010,  Latvia 

Received:  July  24,  2013  /  Accepted:  September  23,  2013  /  Published:  March  31,  2014. 

Abstract:  Recent  estimates  state  that  the  European  Union  is  on  course  to  achieve  only  half  of  the  20%  energy  consumption  reduction 
target  by  2020.  As  the  first  governmental  stakeholders  involved  in  the  implementation  of  energy  saving  initiatives,  municipalities  play 
a  strategic  role  in  the  energy  planning  process.  This  paper  focuses  on  establishment  of  an  energy  planning  methodology  for  small 
municipalities  with  numbers  of  inhabitants  in  range  of  1,000-10,000  which  often  face  common  problems  associated  with  low  efficient 
district  heat  supply  systems  and  decreasing  energy  consumption  in  buildings.  Particular  attention  is  paid  to  DSM  (demand  side 
management)  activities.  DSM  scheme  includes  legislative  and  financial  flows  with  small  investments  from  municipality  side.  Based  on 
increased  information  and  motivation  it  promotes  reduction  of  energy  consumption  in  all  kinds  of  buildings.  Practical  experience  has 
shown  that  application  of  DSM  measures  allows  achieving  20%  energy  savings  in  municipal  buildings  during  the  first  year. 

Key  words:  Demand  side  management,  energy  efficiency,  energy  planning. 


1.  Introduction 

EU's  (European  Union's)  climate  and  energy 
package,  presented  in  2009,  includes  three  key  climate 
and  energy  policy  objectives  for  2020,  known  as  the 
"20-20-20"  targets.  The  latest  evaluation  shows  that 
the  EU  is  on  the  way  towards  achieving  its  targets  of 
reducing  greenhouse  gas  emissions  whilst  raising  the 
share  of  renewable  energy  sources  [1].  However,  much 
greater  effort  is  needed  to  improve  energy  efficiency. 
Recent  estimates  of  the  European  Commission  state 
that  the  EU  is  on  course  to  achieve  only  half  of  the  20% 
objective  by  2020  [2]. 

Buildings  represent  the  greatest  energy  saving 
potential  [2].  On  March  8,  2011,  the  European 
Commission  presented  a  new  energy  efficiency  plan 
that  aims  to  improve  the  energy  performance  of  both 
public  and  private  buildings  and  promotes  the 
exemplary  role  of  the  public  sector.  Following  on  June 
22,  2011,  the  Commission  proposed  for  a  new 
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Directive  on  energy  efficiency  repealing  directives 
2004/8/EC  and  2006/32/EC.  The  directive  was  adopted 
on  October  25,  2012  and  established  a  common 
framework  for  promoting  energy  efficiency  in  the  EU 
to  ensure  achievement  of  agreed  20%  primary  energy 
savings  target  by  2020  [3].  For  public  sector,  which  is 
of  the  main  interest  in  this  paper,  the  directive  makes 
provision  that  member  states  shall  encourage  public 
bodies  to  adopt  their  energy  efficiency  plans  containing 
specific  energy  saving  objectives  and  put  in  place 
energy  management  systems  as  part  of  the 
implementation  of  these  plans.  In  addition,  member 
states  shall  ensure  that  starting  from  2014,  3%  of  the 
total  floor  area  owned  by  public  bodies  is  renovated 
each  year  to  meet  at  least  the  minimum  energy 
performance  requirements. 

1.1  The  Role  of  Public  Bodies  in  Increasing  Energy 
Efficiency 

According  to  Brandoni  et  al.  [4]  and  Neves  et  al.  [5], 
local  authorities  are  the  first  governmental  stakeholders 
involved  in  the  implementation  of  energy  saving 
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initiatives.  Municipalities  therefore  play  a  strategic  role 
in  the  energy  planning  process  being  able  to  implement 
several  schemes  designed  to  fulfil  their  exemplary  role: 

(1)  develop  building  codes  and  issue  construction 
permits  responding  to  high  energy  efficiency  criteria; 

(2)  implement  demonstrative  energy  efficiency 
initiatives  in  public  properties;  (3)  launch  informative 
campaigns  to  increase  citizens'  knowledge  and 
awareness  about  energy  and  environmental  issues;  (4) 
adopt  new  "clean"  technologies  [4,  6]. 

A  number  of  authors  have  discussed  aspects  of 
decentralized  energy  planning  [7-9].  Hiremath  et  al.  [7] 
state  that  decentralized  energy  planning  is  one  of  the 
options  to  meet  the  rural  and  small-scale  energy  needs 
in  a  reliable,  affordable  and  environmentally  suitable 
way.  Shikha  et  al.  [8]  add  that  decentralized  energy 
planning  is  in  the  interest  of  efficient  utilization  of 
resources  and  takes  into  account  various  available 
resources  and  energy  needs  of  the  region.  Eventually 
Dzene  et  al.  [9]  choose  decentralized  energy  planning 
on  a  regional  level  as  the  most  appropriate  way  to 
promote  renewable  energy  sources  and  to  reduce 
negative  environmental  impacts  of  energy  systems. 

1.2  Energy  Planning  in  Small  Municipalities 

Energy  system  of  a  small  municipality  differs  from 
that  of  a  large  one.  It  is  not  only  about  the  size  but  as 
well  technological  solutions,  financial  and 
management  capacity. 

Generally  more  interest  has  been  paid  on  national 
and  regional  energy  planning  issues  than  on  energy 
planning  at  municipal  level.  However,  a  number  of 
examples  on  energy  management  in  municipalities  are 
reviewed  in  literature.  Based  on  a  review  of  11 
municipal  energy  plans,  Sperling  et  al.  [10]  examined 
to  what  extent  municipal  energy  planning  matches 
national  renewable  energy  strategies  in  Denmark. 
Nilsson  and  Martensson  [11]  performed  similar  study 
in  Sweden  analysing  whether  municipal  energy  plans 
have  contributed  to  the  development  of  local  energy 
systems.  Cai  et  al.  [12-14]  pay  attention  to  long-term 


renewable  energy  management  in  communities  within 
the  context  of  local  energy  planning  and  Rezessy  et  al. 
[15]  discuss  the  factors  that  govern  local  authorities  to 
involve  in  the  market  for  energy  services  and  energy 
efficient  equipment. 

Closer  to  the  topic  of  this  paper,  Fiaschi  et  al.  [16] 
performed  a  comprehensive  investigation  on  the 
energy  consumption  of  public  buildings  and  utilities 
and  evaluated  the  most  effective  and  feasible  ways  to 
save  energy  in  a  small  Italian  township  with 
approximately  16,000  inhabitants  and  Dzene  et  al.  [9] 
elaborated  a  screening  method  for  identifying  suitable 
options  for  improving  energy  system  in  an 
environmentally  sound  direction  in  a  typical 
middle-sized  rural  region  in  Latvia. 

1.3  Energy  System  of  a  Municipality 

Energy  system  of  a  municipality  is  represented  as  a 
network  of  energy  chains  consisting  of  primary  energy 
supply  and  conversion,  energy  transmission  and 
distribution  and  finally  the  end-use. 

The  demand  for  space  heating  and  hot  water  in 
buildings  is  still  the  major  element  of  the  total  energy 
demand  for  many  municipalities  in  countries  with 
moderate  to  cold  climates  [17].  Although  district  heating 
offers  a  number  of  advantages  compared  to  single  house 
heating  systems,  the  share  of  individual  heating  systems 
is  usually  larger,  mainly  due  to  low  density  of  population 
in  rural  areas.  Correspondingly,  operation  of  individual 
heating  systems  is  often  associated  with  lower  energy 
efficiency  because  of  such  reasons  as  technological 
limitations,  lack  of  owners'  knowledge,  etc. 

On  the  other  hand,  also  the  existing  district  heating 
systems  face  several  problems,  e.g.,  decreasing  energy 
consumption  due  to  such  reasons  as  the 
implementation  of  energy  efficiency  measures  in 
buildings,  migration  of  people  from  rural  to  urban  areas, 
and  shift  from  district  to  decentralized  renewable 
energy  systems. 

Recently  an  increasing  number  of  studies  have 
analysed  possibilities  to  promote  the  use  of  district 
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heating  in  the  context  of  decreasing  energy 
consumption  in  buildings.  Thyholt  and  Hestnes  [18] 
concluded  that  lowering  space  heating  demand  in 
buildings  results  in  higher  costs  for  district  heating. 
Aberg  and  Henning  [19]  add  that  traditional  district 
heating  networks  are  not  designed  for  low  energy 
buildings  because  of  relatively  high  distribution  heat 
losses.  Meanwhile,  Sperling  and  Moller  [17]  find  that 
in  general  substantial  reductions  of  buildings'  heat 
demand  can  go  hand  in  hand  with  a  continued 
expansion  of  the  district  heating  system  and  can 
improve  the  overall  efficiency  of  energy  system  in  the 
short  and  long  term. 

The  above  mentioned  case  studies  indicate  that 
energy  planning  in  municipalities  is  a  topical  question 
both  from  side  of  effective  energy  production  and 
consumption.  Despite  the  fact  that,  for  example,  in 
Sweden  municipal  energy  planning  has  been  part  of 
energy  policy  for  more  than  three  decades,  generally 
municipalities,  especially  small  ones,  lack  experience, 
knowledge  and  resource  to  develop  qualitative 
long-term  energy  plans  in  their  territories.  The  aim  of 
this  paper  is  to  propose  a  methodology  for  design  of 
energy  plans  in  small  municipalities  focusing  on  DSM 
(demand  side  management)  measures.  The  established 


energy  planning  model  was  applied  on  a  case  study  of 
Beverina  region  in  Latvia. 

2.  Methodology 

An  algorithm  for  energy  planning  in  municipalities 
is  proposed  in  Fig.  1 .  It  consists  of  1 1  both  directly  and 
indirectly  interrelated  modules. 

Evaluation  of  the  current  energy  situation  in  the 
region  is  the  starting  point  of  energy  systems'  planning 
from  which  it  is  possible  to  set  relevant  objectives  and 
elaborate  an  adequate  action  plan.  The  baseline  review 
is  based  on  existing  data  on  energy  system 
performance  in  the  region  and  covers  both  quantitative 
(energy  production  and  consumption)  and  qualitative 
(energy  management,  knowledge,  etc.)  aspects.  Input 
data  include  information  on  space  heating  area  (m  ), 
energy  consumption  for  space  heating  and  hot  water 
preparation  (MWh/year,  kWh/m  /year),  and  heat  costs 
(EUR/year,  EUR/m2/year).  Data  are  obtained  both 
directly  (from  building  inventories,  accounting,  and 
energy  meters)  and  by  calculations  if  only  fuel 
consumption  is  measured  (frequent  for  wood  fuel 
applications).  In  case  reliable  data  are  not  available 
several  assumptions  must  be  done,  e.g.,  in  regard  to  the 
length  of  heating  season  or  energy  content  of  fuels. 


1  module: 
Current 
situation.  Input 
data 


Assumptions 


3rd  module: 
Technological 
solutions 


4m  module: 
Economic  and 
environmental 
data 


5th  module: 
Heat  load 
calculation 

6th  module: 
Scenario 
selection 


7th  module: 

Selection  of 

technological 

I 

equipment 

8th  module: 
Economic 
calculations 


11th  module: 
Demand  side 
management 


10th  module: 
Selection  of  the 
best  scenario 


Yes 


Fig.  1   Algorithm  for  energy  planning  in  municipalities. 
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Collected  data  are  further  analysed  and  interpreted. 
Based  on  buildings  energy  consumption  characteristics 
annual  heat  energy  consumption  graph  is  drawn  to 
indicate  base  and  peak  loads.  Determination  of  an 
appropriate  heat  load  is  important  to  ensure 
high-efficient  systems  performance. 

Based  on  the  data  collected,  hypothesis  for  future 
development  of  the  regional  energy  system  is 
established.  Available  technological  solutions  and 
economic  and  environmental  considerations  are  taken 
into  account  in  this  step.  Following  detailed 
development  scenarios  are  modelled  including 
selection  of  technologies  and  corresponding  economic 
and  environmental  calculations. 

Based  on  findings  of  the  different  scenarios  and 
taking  into  account  specific  needs  of  the  region, 
municipality  stakeholders  determine  the  most 
promising  scenario  and  select  measures  and  actions  to 
be  implemented.  Finally,  implementation  of  the 
regional  energy  strategy  is  based  on  previously 
developed  demand  side  management  plan  to  ensure 
that  planned  efficiency  improvement  is  achieved. 

3.  Results  of  the  Case  Study 

The  proposed  algorithm  for  development  of  future 
energy  systems  was  applied  to  a  case  study  of  a  small 
municipality  in  Latvia.  This  chapter  presents  results  of 
the  case  study. 

3.1  Target  Region  Portrait 

Beverina  region  with  its  3,500  inhabitants  is  an 
example  of  a  typical  small  rural  area  in  Latvia,  as 
approximately  70%  of  regional  municipalities  in 
Latvia  have  less  than  10,000  inhabitants  based  on 
census  data  available  in  Ref.  [20].  The  municipal  area 
is  approximately  301  km2,  resulting  in  a  density  of  12 
people  per  square  kilometre. 

Local  administration  is  responsible  for 
approximately  20  public  buildings,  including  schools 
and  kindergartens,  libraries,  cultural  houses,  several 
social  offices  and  central  administration.  Household 


building  stock  is  circa  170,000  m2,  of  which  70%  are 
single  family  houses.  Space  heating  and  hot  water  is 
mainly  supplied  by  individual  heating  systems  (stoves, 
furnaces,  fire-places  or  electric  heating  units)  [21]. 

Further  in  the  paper  the  authors  have  chosen  to 
analyse  three  problematic  elements  of  the  energy 
system  of  Beverina  region: 

•  Murmuiza  boiler  house; 

•  multi-apartment  house  "Lazdas"; 

•  Trikata  Primary  School  and  sports  hall. 

3.2  Input  Data 

There  is  no  single  source  of  information  on  energy 
situation  in  Latvian  municipalities.  Therefore,  a 
comprehensive  research  was  performed  to  collect  the 
necessary  input  data  characterizing  energy  supply 
infrastructure,  primary  energy  resources  and  energy 
consumers  in  Beverina  region.  All  three  specific  cases 
covered  by  this  research  will  be  described  below. 

3.2.1  Murmuiza  Boiler  House 

District  heating  in  Murmuiza  community,  one  of  the 
largest  settlements  in  Beverina  region,  is  supplied  by  a 
1  MW  biomass  boiler.  Fuel  consumption  was  3,000  m3 
loose  volume  of  wood  chips  and  additional  200  m3 
loose  volume  of  saw  dust  in  201 1.  Boiler  efficiency  is 
61.0%. 

Data  characterizing  energy  consumers  in  Murmuiza 
are  illustrated  in  Fig.  2.  Energy  consumption  in  eight 
monitored  buildings  varies  in  range  70  kWh/m2/year 
-220  kWh/m2/year.  Building  energy  performance  is  the 
main  cause  explaining  diverse  energy  consumption 
though  also  human  factors  play  a  crucial  role. 

Fig.  2  shows  a  satisfactory  correlation  between  two 
variables  -  normalized  energy  consumption  (converted 
to  standard  degree  days)  in  buildings  connected  to  the 
network  of  Murmuiza  boiler  house  and  heated  area  of 
these  buildings.  In  case  DSM  measures  are  applied,  an 
empirical  equation  characterized  by  a  linear  function 
can  be  used  as  a  benchmark  to  determine  building 
energy  consumption  by  Eq.  (1): 

Q  =  -0.083x  F  +  222.66  (1) 
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Fig.  2   Specific  energy  consumption  of  buildings  in  Murmuiza  community. 


1500 


where, 

Q — annual  specific  heat  consumption, 
kWh/m2/year; 

F — heated  area  of  the  building,  m2. 

The  benchmark  is  adjusted  each  year  according  to 
the  level  of  achieved  energy  savings.  Position  and 
slope  of  the  lines  describes  processes  occurring  in 
buildings.  Data  correlation  should  improve  in  line  with 
increased  knowledge  and  awareness  of  inhabitants 
about  opportunities  to  reduce  heat  consumption. 

3.2.2  Multi-Apartment  House  "Lazdas" 
Multi-apartment    house    "Lazdas"     in  Cempi 

Community  (another  settlement  area  in  Beverina 
region)  represents  a  typical  multi-family  house  in 
Latvia.  Heating  area  of  the  building  is  1,080  m  and 
specific  heat  energy  consumption  is  1 75  kWh/m  /year. 
Heat  and  hot  water  is  provided  by  electric  heaters. 

3.2.3  Trikata  Primary  School  and  Sports  Hall 
Trikata  Primary  School  was  built  in  1938.  A  new 

sports  hall  next  to  the  school  was  finished  in  2005. 
Heating  space  of  the  school  is  2,310  m  and  of  the 
sports  hall — 1,075  m  .  In  2007,  several  energy 
efficiency  measures  were  implemented  in  the  school 
including  installation  of  ground  heat  pumps.  Annual 
electricity  consumption  to  power  heat  pumps  is  144 
MWh/year.  Annual  light  fuel  oil  consumption  for  heat 
supply  in  sports  hall  is  6.5  t/year. 


3.3  Development  of  Alternative  Scenarios 

Based  on  evaluation  of  current  situation,  alternative 
scenarios  for  each  case  study  were  developed.  The 
scenario  description  are  in  Table  1  (Murmuiza  Boiler 
House),  Table  2  (multi-apartment  house  "Lazdas"), 
and  Table  3  (Trikata  Primary  School  and  sports  hall). 

4.  Discussion 

Results  of  the  research  have  highlighted  the  main 
energy  management  problems  in  Beverina  municipality 
associated  with  primary  energy  purchase,  lack  of 
appropriate  training  of  energy  operators  and  building 
energy  management  policy.  This  has  led  to  proposal  of  a 
municipality  DSM  system  further  applicable  for 
integration  in  regional  level  energy  planning  process.  A 
self-financing  scheme  can  be  applied  to  implement 
proposed  energy  efficiency  measures  (in  Fig.  3). 

The  scheme  involves  development  of  a  municipality 
energy  management  division  that  is  responsible  for 
implementation  of  energy  efficiency  related  initiatives  in 
the  municipality.  This  includes  development  of  a  single 
documentation  for  fuel  purchase  tenders,  energy  training 
of  building  managers  and  implementation  of  energy 
efficiency  measures  in  public  buildings.  Municipality 
financing  for  energy  efficiency  related  projects  is  secured 
from  two  sources:  state  grants  and  energy  savings.  This 
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Table  1    Alternative  scenarios  for  energy  efficiency  measures  in  Murmuiza  boiler  house. 


Alternative 

Service 

Costs,  1,000  EUR 

Payback  time,  years 

A:  establishment  of  an 

Experts  consultation  and  energy  managers  salary 

3-6 

<  1 

energy  management 

Measuring  equipment  and  engineering  service  purchase 

7-10 

<  1 

programme 

Equipment  installation 

14-21 

<  1 

B:  installation  of 
effective  biomass 
boilers  with  flue  gas 
condensing  units 


Wood  pellet  boiler  (0.4  MW)  57 
Wood  chips  boiler  with  a  flue  gas  condensing  unit  (0.4  MW)  71 
Wood  pellet  boiler  (0.2  MW)  and  wood  chips  boiler  (0.2  MW) 
with  a  condensing  unit 
Biomass  cogeneration  unit  (0.3  MWe  and  0.4  MWj)  1,423 


85 


10 

7 

10 
10 


C:  heat  supply  This  is  an  alternative  solution  in  case  installation  of  new  district  heating  boiler  is  not  technologically  and 

decentralization  economically  feasible.  Installation  of  a  pellet  boiler  in  each  multi-family  house  is  proposed. 


Table  2    Energy  efficiency  measures  in  multi-apartment  house  "Lazdas". 


No. 

Measure 

Costs,  1,000  EUR 

1.  District  heat  supply  system 

1 

Creation  of  a  new  heating  system 

24 

2 

Creation  of  a  new  hot  water  supply  system 

17 

3 

Creation  of  a  heating  unit 

7 

Total 

48 

2 

Building  energy  performance  improvement 

4 

Energy  efficiency  measures  in  buildings 

171 

3 

Heat  source 

5 

Installation  of  a  fully  automatized  pellet  boiler  (70-100  kW) 

28 

Total 

248 

NB!  Repayment  time  of  the  alternative  is  10.5  years. 

Table  3    Alternative  energy  efficiency  measures  in  Trikata  Primary  School  and  sports  hall. 

No. 

Measures  at  heat  supply  unit 

Costs,  Repayment 
1,000  EUR  time,  years 

1 

Development  of  a  DSM  programme 

9  2 

2 

Development  of  a  DSM  programme  and  installation  of  a  wood  pellet  boiler  in  sports  hall 

33  4.2 

3 

Development  of  a  DSM  programme  and  installation  of  a  wood  pellet  boiler  to  cover  the  base  load 

38  3.9 

Financing  from 
state  budget 


Municipality 

Financing  from 

council 

municipality  budget 

Publ 
from 
other 


'traction  of 


external 


inancing 

c  financing 
I:  RDF  and 
sources 


Management  and 
awereness  rising 

activities 
(development  of 
single  procurement 
documentation, 
training  etc.) 


Energy 
management 
a  division 


Financing 


Contracts 


Energy  efficiency 
measures 


Implementation  of  DSM  and  energy  efficiency  measures 


Boiler  houses 


Public 
buildings 

Fig.  3   A  partial  self -financing  scheme  for  implementaion  of  energy  efficiency  and  DSM  measures  in  municipalities. 
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means  that  municipality  invests  in  both  direct  energy 
saving  measures  in  public  buildings  and  in  regulatory 
and  awareness  rising  initiatives  that  allows  achieving 
maximum  planned  energy  savings.  Municipality 
benefits  include  reduced  fuel  purchase  and  energy  costs 
as  well  as  improved  quality  of  public  infrastructure. 

5.  Conclusions 

This  study  covered  three  problems  typical  for  small 
municipalities  in  Latvia: 

•  existence  of  complex  heat  supply  systems 
consisting  of  district  or  partly  district  heating  in 
community  centres  and  decentralized  heat  sources  in 
single  family  houses; 

•  high  energy  consumption  because  of  low  energy 
performance  of  buildings  and  energy  consumers' 
behavioural  traits; 

•  inability  (lack  of  knowledge,  awareness  and 
resource)  of  local  authorities  to  manage  the  energy 
system. 

Based  on  a  case  study,  alternative  scenarios  were 
proposed  mainly  focusing  on  DSM  measures.  First 
results  show  that  introduction  of  DSM  in  combination 
with  simple  energy  efficiency  measures  in  Beverina 
region  has  resulted  in  20%  energy  consumption 
reduction  in  a  half  year. 

Proposed  energy  efficiency  measures  and  financing 
scheme  can  be  considered  a  representative  case  study 
in  Latvian  scenario  and  can  be  applied  to  other 
municipalities  of  a  similar  size. 
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Abstract:  In  Fukushima  NPP-1,  large  amounts  of  HALW  (high-activity-level  water)  accumulated  in  the  reactor,  turbine  building  and 
the  trench  in  the  facility  is  treated  by  circulating  injection  cooling  system.  The  development  of  highly  functional  adsorbents  and 
stable  solidification  method  contributes  to  the  advancement  of  the  decontamination  system  and  environmental  remediation.  The 
present  study  deals  with:  (1)  preparation  of  insoluble  ferrocyanide  loaded  zeolites;  (2)  selective  uptake  of  Cs+  in  seawater;  and  (3) 
estimation  of  Cs  immobilization  ratio  and  stable  solidification.  Various  kinds  of  Cs-selective  composites  loaded  with  insoluble 
ferrocyanides  (CoFC,  NiFC)  into  the  zeolites  (zeolite  A  (A51,  A-51J),  zeolite  X  (LSX),  chabazite  (modified  chabazite)  and  natural 
mordenite  (SA-5))  matrices  have  been  prepared  to  use  successive  impregnation/precipitation  methods  by  Tohoku  University.  As  for 
Cs+  adsorption,  these  composites  had  relatively  large  uptake  (%)  over  95%,  distribution  coefficients  (Kd)  above  103  cm3/g  and 
excellent  adsorption  kinetics  even  in  seawater.  The  immobilization  ratio  (%)  of  Cs  for  the  CoFC  saturated  with  Cs+  was  estimated  at 
different  calcination  temperatures  up  to  1,200  °C  in  advance.  The  immobilization  ratio  was  less  than  0.1%  above  1,000  °C,  indicating 
that  the  adsorbed  Cs+  ions  are  completely  volatilized  and  insoluble  ferrocyanides  had  no  immobilization  ability  for  Cs.  In  contrast, 
the  insoluble  ferrocyanide-loaded  zeolites  had  excellent  Cs  immobilization  ability;  in  the  case  of  insoluble  ferrocyanide-loaded 
natural  zeolites  (NiFC-SA-5,  CoFC-modified  chabazite),  the  immobilization  ratio  was  above  99%  and  96%  even  after  calcination  at 
1,000  °C  and  1,100  °C,  respectively,  indicating  that  nearly  all  Cs  ions  are  immobilized  in  the  sintered  solid  form.  On  the  other  hand, 
the  immobilization  ratio  for  the  insoluble  ferrocyanide-loaded  A  and  X  zeolites  (NiFC-A  (A51,  A51J),  NiFC-X)  tended  to  decrease 
with  calcining  temperature;  for  example,  the  immobilization  ratio  for  NiFC-X  at  1,000  °C  and  1,100  °C  was  estimated  to  be  74.9% 
and  55.4%,  respectively,  and  many  spots  concentrating  Cs  were  observed  on  the  surface.  The  difference  in  immobilization  behavior 
between  natural  zeolites  and  synthetic  ones  is  probably  due  to  the  phase  transformation  and  surface  morphology  at  higher 
temperature  above  1,000  °C.  The  stable  solidification  of  insoluble  ferrocyanides  was  thus  accomplished  by  using  the  excellent  Cs 
immobilization  abilities  of  zeolite  matrices  (Cs  trapping  and  self-sintering  abilities). 

Key  words:  Cs,  Sr,  Zeolites,  HALW  (high-activity-level  water),  insoluble  ferrocyanides,  stable  solidification. 


1.  Introduction 

In  Fukushima  NPP-1,  large  amounts  of  HALW 
(high- activity-level  water)  accumulated  in  the  reactor, 
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turbine  building  and  the  trench  in  the  facility  is  treated 
by  the  circulating  injection  cooling  system  (in  Fig.  1) 
[1-3].  At  present,  this  system  is  effectively  operated 
and  the  cold  shutdown  is  completed.  However,  large 
amounts  of  secondary  solid  wastes  such  as  zeolites 
(346  vessels)  and  insoluble  ferrocyanide  sludge  (581  m  ) 
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Fig.  1  Decontamination  system  for  high-activity-level 
water  in  Fukushima  NPP-1  [3]. 

are  generated  (on  March  14,  2012)  [1],  and  hence  the 
development  of  effective  treatment  and  disposal 
methods  is  very  urgent  and  important  issues  in  Japan. 
Especially,  insoluble  ferrocyanide  sludge  contains 

137 

high  radioactivity  of  Cs  and  has  low  thermal 
stability,  and  insoluble  ferrocyanides  tend  to  release 
HCN  (hydrogen  cyanide)  above  300  °C  under  inert 
and  reducing  atmosphere  [2].  Thus,  the  development 
of  stable  solidification  method  contributes  to  the 
advancement  of  the  decontamination  system  and 
environmental  remediation.  In  this  study,  the  stable 
solidification  of  insoluble  ferrocyanides  saturated 
with  Cs+  ions  was  examined  by  utilizing  the 
immobilization  abilities  of  zeolites,  i.e.,  Cs  trapping 
and  self-sintering  abilities. 

The  present  study  deals  with:  (1)  preparation  of 
insoluble  ferrocyanide  loaded  zeolites;  (2)  selective 
uptake  of  Cs+  in  seawater;  (3)  estimation  of  Cs 
immobilization  ratio  and  stable  solidification. 

2.  Experiment 

2. 1  Materials  and  Preparation  Procedure 

Various  kinds  of  Cs-selective  composites  loaded 
with  insoluble  ferrocyanides  (CoFC  (K2[FeCo  (CN)6]), 
NiFC  (K2  [FeNi  (CN)6]))  into  the  zeolites  (synthetic 
zeolite  A  (A51,  A51J),  synthetic  zeolite  X  (LSX), 
chabazite  (modified  chabazite)  and  natural  mordenite 
(SA-5,  Ayashi,  Sendai))  matrices  have  been  prepared 


B"  KXoFC/KNiFC-loarlerl  composites  JB 
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\ 

Drymg<at  200  or  I10°C) 
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Fig.     2  Preparation  procedure 

ferrocyanide-loaded  composites. 


of  insoluble 


to  use  successive  impregnation/precipitation  methods 
by  Tohoku  University  (in  Fig.  2)  [4-9].  For  example, 
NiFC  composites  were  prepared  by  the  repeated 
impregnation  of  Ni(N03)2  and  K4Fe(CN)6  solutions 
into  the  macropores  of  zeolite  matrices  under  the 
experimental  conditions  of  zeolite:  3  g,  1  M  Ni(N03)2 
solution:  20  cm3,  0.5  M  K4Fe(CN)6  solution:  20  cm3, 
impregnation  time:  3  hours  and  reaction  temperature: 
25  °C.  The  characteristics  of  zeolites  used  as  matrices 
are  listed  in  Table  1 . 

2.2  Determination  of  Uptake 

The  distribution  of  Cs+  ions  for  composites  was 
estimated  by  batch  method.  An  aqueous  solution  (5 
cm3)  containing  10  ppm  Cs+  ions  was  contacted  with 
50  mg  of  composites  at  25  +  1  °C  up  to  1  day,  which 
was  found  to  be  sufficient  for  attaining  equilibrium. 
The  concentrations  of  Cs+  ions  were  measured  by 
atomic  absorption  spectrometer  (AAS,  Jarrell  AA890). 
The  uptake  percentage  (R,  %)  of  metal  ions  removed 
from  the  solution  and  the  distribution  coefficient  (Kd, 
cmVg)  are  defined  as  : 

i?  =  (C0-Ct)/C0xl00  (%)  (1) 
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Table  1   Characteristics  of  zeolites  used  as  matrices. 


Sample 

SA-5 

4A 

LSX 

Modified 
chabazite 

Zeolite 

Mordenite  A 

X 

Chabazite 

Si/Al  ratio 

5 

1 

1 

2-2.5 

Exchangeable  cation 

Na,  K 

Na 

Na 

Na,  Ca 

Approximate  kinetic 

3.9 

4 

9 

5 

diameter  (A) 

Cation  exchange 

1.2-1.5 

5.0-5.5 

5.0-5.5 

2.0-2.5 

capacity  (Na+,  meq/g) 

where  Co,  C,  and  C/  (ppm)  are  the  concentration  of 
metal  ions  at  initial,  at  time  t,  and  at  equilibrium, 
respectively;  m  (g)  the  weight  of  composites;  V  (cm  ) 
the  volume  of  aqueous  phase. 

2.3  Characterization  and  Determination  of  Cs 
Immobilization  Ratio 

The  composites  were  then  treated  with  0.1  M 
CsNC>3  solution  to  obtain  the  Cs  saturated  composites 
samples  for  the  immobilization  test.  The  Cs  saturated 
composites  were  calcined  at  different  temperatures  up 
to  1,100  °C.  Surface  morphologies  of  the  calcined 
specimens  were  examined  by  scanning  electron 
microscopy  (SEM,  HITACHI,  Miniscope  TM- 1,000) 
and  digital  microscope  (DM,  HiROX,  KH- 1,300).  The 
chemical  composition  was  determined  by  energy  and 
wavelength  dispersive  spectrometry  (EDS:  Swift 
ED-TM,  HITACHI,  TM-1000;  WDS:  Hitachi  X-650S) 
and  fourier  transform  infrared  spectroscopy  (FT-IR, 
HORIBA,  FT-200).  The  Cs  immobilization  ratio  (%) 
was  determined  from  the  difference  of  the  Cs  content 
(wt%)  before  and  after  calcination.  The  decomposed 
gases  in  inert  and  active  atmosphere  (He,  He  +  20% 
O2)  were  determined  up  to  400  °C  by  temperature 
programmed  desorption-photoionization  mass 
spectrometer  (TPD-R,  Rigaku). 

3.  Results  and  Discussion 

3.1  Surface  Morphology  of  Composites 

Fig.  3  show  the  SEM  images  of  insoluble 
ferrocyanide  (NiFC,  CoFC)-loaded  zeolites.  In  the  case 
of  NiFC-A5 1  composite  (Fig.  3b),  composite  matrices 
consist  of  small  particles  of  synthetic  zeolite  A,  and  fine 


(d)  CoFC-  modified  chabazite 
Fig.  3     SEM  images  of  insoluble  ferrocyanide  (NiFC, 
CoFQ-loaded  zeolites. 

NiFC  crystals  are  loaded  in  these  particles.  EDS 
spectra  of  NiFC-A  composites  treated  with  0.1  M 
CSNO3  solution  indicate  the  loading  NiFC  crystals  and 
the  uptake  of  Cs+  ions. 

3.2  Thermal  Stability  of  Insoluble  Ferrocyanides 

Prior  to  the  immobilization  test  for  composites,  the 
thermal  decomposition  of  insoluble  ferrocyanide  itself 
and  gas  evolution  behavior  were  examined  by 
instrumental  analyses.  Surface  morphology  change  of 
CsCoFC  specimens  calcined  at  different  temperatures 
is  shown  in  Fig.  4.  In  the  case  of  500  °C  calcination, 
the  surface  of  CsCoFC  disk  is  seen  to  be  thermally 
decomposed,  indicating  the  decomposed  gases  (CO2, 
NH3  and  NOx,  etc.)  are  released.  Fig.  5  shows  the 
immobilization  ratio  (%)  of  Cs  for  CsCoFC  at 
different  calcining  temperatures  up  to  1,200  °C.  The 
Cs  immobilization  ratio  was  considerably  lowered 


464 


Selective  Adsorption  Properties  and  Stable  Solidification  of  Cs  by  Insoluble 
Ferrocyanide  Loaded  Zeolites 


X150 

X500 

X1000 

5  10""  i 

Original 

Original 

4  10" 

Fig.  4  Surface  morphology  change  of  CsCoFC  specimens 
calcined  at  different  temperatures. 
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Fig.  5  Immobilization  ratio  (%)  of  Cs  for  CsCoFC  at 
different  calcining  temperatures  in  the  air  up  to  1,200  °C. 

above  500  °C.  This  is  probably  due  to  the 
volatilization  of  Cs20  gas.  Further,  the  immobilization 
ratio  above  1,000  °C  was  estimated  to  be  less  than  0.1% 
(in  Fig.  5);  the  adsorbed  Cs+  ions  were  completely 
volatilized,  indicating  the  poor  immobilization  ability 
of  CoFC  for  Cs  at  high  temperature.  Furthermore,  the 
formation  of  cyanide  is  accompanied  by  thermal 
decomposition  of  insoluble  ferrocyanides.  In  order  to 
check  the  cyanide  formation,  the  thermally 
decomposed  gases  from  NiFC-A51  composites  were 
analyzed  in  active  and  inert  atmosphere  by  mass 
spectrometer.  Mass  signal  peaks  of  H20,  C02  and  N2 
were  detected  around  120,  350  and  380  °C  in  He  gas 
atmosphere,  respectively.  As  shown  in  Fig.  6,  mass 
signal  peaks  of  HCN  were  detected  twice  around 
200  °C  and  370  °C.  On  the  other  hand,  in  He  +  20% 
02  atmosphere,  mass  signal  peaks  of  H20,  NH3,  CO/C02, 


Temperature) 

Fig.  6  HCN  evolution  from  NiFC-A51  at  different 
temperatures  in  inert  and  active  atmosphere. 

N2  and  NO  were  detected  around  120,  320,  300-350, 
320  and  330  °C,  respectively.  In  active  atmosphere,  the 
HCN  evolution  is  considerably  lowered  as  clearly 
shown  in  Fig.  6.  Thus,  the  development  of  stable 
solidification  method  for  insoluble  ferrocyanides  is  a 
urgent  subject  considering  the  low  thermal  stability  and 
HCN  evolution  from  insoluble  ferrocyanides. 

3.3  Selective  Uptake  of  Cs+  by  Composites 

In  order  to  check  the  selectivity  and  equilibration 
time  of  Cs+  ions  for  composites,  the  effect  of  shaking 
time  on  uptake  (%)  was  examined  in  seawater  by 
batch  method.  Fig.  7  shows  the  uptake  rate  of  Cs+  ions 
for  composites  (NiFC-SA-5,  NiFC-A51  and 
NiFC-LSX)  in  seawater.  The  uptake  rate  of  Cs+  for 
composites  was  very  large  in  the  initial  stage  within  3 
hours.  In  either  case,  the  uptake  equilibrium  was 
attained  within  8  hours  and  relatively  large  uptake  (%) 
above  95%  was  obtained.  Especially,  the  uptake  of 
Cs+  for  NiFC-SA-5  had  relatively  large  uptake  rate. 
The  uptake  (%)  of  Cs+  for  composites  was 
considerably  enhanced  compared  to  that  for  zeolite 
matrices  (uptake  (%):  <  90%). 

3.4  Immobilization  of  Cs  by  Sintering  of 
Composites-Comparison  of  Immobilization  Ratio 

Insoluble  ferrocyanide-loaded  zeolites  saturated  with 
Cs+  ions  (CsNiFC-SA-5,  CsNiFC-A51,  CsNiFC-A51J, 
CsNiFC-LSX  and  CsCoFC-IE96)  were  sintered  in 
electric  furnace  at  high  temperature  (1,000  °C  and 
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Fig.  7  Uptake  rate  of  Cs+  ions  for  insoluble 
ferrocyanide-loaded  zeolites.  1  ppm  Cs+;  Vim  100  cm3/g, 
seawater;  25  °C. 

1,100  °C).  The  Cs  content  of  sintered  products  was 
then  measured  by  EDS  analysis,  and  the 
immobilization  ratio  (%)  of  Cs  was  determined.  The 
immobilization  ratios  of  Cs  are  compared  among  four 
kinds  of  sintered  products  as  shown  in  Fig.  8.  The 
immobilization  ratio  of  Cs  for  CsNiFC-SA-5  sintered 
at  1,000  °C  and  1,100  °C  was  estimated  to  be  above 
99%  and  95%,  respectively,  indicating  excellent 
immobilization  ability.  Similar  results  were  obtained  in 
the  case  of  sintered  CsCoFC-modified  chabazite.  On 
the  other  hand,  the  immobilization  ratio  for  sintered 
CsNiFC-A51,  CsNiFC-A51J  and  CsNiFC-LSX  tended 
to  decrease  markedly  above  1,100  °C,  and  specific  Cs 
concentrated  spots  were  observed  on  the  surface  of  the 
sintered  products  as  described  later.  The  order  of 
immobilization  ability  for  the  composites  was  as 
follows: 

NiFC-SA-5  >  CoFC-  modified  chabazite  > 
MFC-A51  >  NiFC-A51J  >  NiFC-LSX 

3.5  Surface  Morphology  and  Distribution  of  Cs  for 
Sintered  CsNiFC-SA-5 

The  surface  morphology,  phase  transformation  and 
distribution  of  Cs  for  sintered  CsNiFC-SA-5  were 
examined  by  instrumental  analyses  (SEM,  XRD  and 
WDS).  Fig.  9  show  SEM  images  of  sintered  products. 
The  surface  is  seen  to  be  porous  and  begins  to  melt, 
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(b)  Sintered  products  at  1,100  °C 
Fig.  9   SEM  images  of  sintered  CsNiFC-SA-5. 
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compared  to  the  original  sample  as  shown  in  Fig.  3a. 
The  XRD  patterns  of  original  CsNiFC-SA-5  and 
sintered  products  are  shown  in  Fig.  10.  The  original 
composite  consists  of  two  phases  of  NiFC 
(K2[FeNi(CN)6])  loaded  and  mordenite  matrices.  After 
sintering,  these  phases  were  thermally  decomposed, 
and  only  SiC>2  (Quartz)  phase,  a  coexisting  mineral  in 
natural  mordenite,  was  detected.  The  elemental 
mapping  of  Si,  Al  and  Cs  in  sintered  products  at  1 ,000 
°C  is  shown  in  Fig.  11.  The  distribution  of  Cs  was 
uniform  in  the  sintered  products,  and  the  Cs  content 
for  sintered  products  at  1,000  °C  and  1,100  °C  was 
estimated  to  be  25.8  wt%  and  21.4  wt%  by  WDS 
analysis,  respectively. 

3.6  Surface  Morphology  and  Distribution  of  Cs  for 
Sintered  CsNiFC-A51J 

The  surface  morphology,  phase  transformation  and 
distribution  of  Cs  for  sintered  CsNiFC-A51J  are 
examined  by  instrumental  analyses  (SEM,  XRD, 
WDS).  Fig.  12  show  the  SEM  images  of  sintered 
products.  The  surface  is  seen  to  be  porous  and  begins 
to  melt.  Especially,  some  Cs-concentrated  spots  are 
observed  on  the  surface  of  sintered  products  at  1,100 
°C.  The  XRD  patterns  of  original  CsNiFC-A-51J  and 
sintered  products  are  shown  in  Fig.  13.  The  original 
composite  consists  of  two  phases  of  NiFC  loaded  and 
zeolite  A  matrices.  After  sintering,  the  NiFC  phase 
were  thermally  decomposed  and  zeolite  A  adsorbing 
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Fig.  10  XRD  patterns  of  original  and  sintered  products  of 
CsNiFC-SA-5. 


Fig.  11  Elemental  mapping  of  Si,  Al  and  Cs  for  sintered 
products  of  CsNiFC-SA-5  at  1,000  °C. 


(b)  Sintered  products  at  1,100  °C 
Fig.  12   SEM  images  of  sintered  CsNiFC-A51J. 

Cs+ converted  to  nepheline  (NaAlSiC^)  and  CsAlSi04 
(Fig.  13).  Fig.  14  shows  the  elemental  mapping  of  Si, 
Al  and  Cs  for  the  sintered  products  of  CsNiFC-A51J 
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Fig.  13  XRD  patterns  of  original  and  sintered  products  of 
CsNiFC-A51J. 


Fig.  14  Elemental  mapping  of  Si,  Al  and  Cs  for  sintered 
products  of  CsNiFC-A51J  at  1,000  °C. 

at  1,000  °C.  The  distribution  of  Cs  was  uniform  in  the 
sintered  products.  As  for  Cs-concentrated  spots  on  the 
relatively  large  Cs  content  was  estimated  by  WDS;  the 
Cs  content  for  the  spots  and  bulk  phase  was  estimated 
surface  (Fig.  12b),  to  be  28.1  and  14.2  wt%, 
respectively.  These  results  suggest  that  the 
Cs-concentrated  spots  mainly  consist  of  CsAlSiC^ 
rich  phase. 

3.7  Morphlogy  and  Distribution  of  Cs  for  Sintered 
CsNiFC-LSX 

The  surface  morphology,  phase  transformation  and 
distribution  of  Cs  for  sintered  CsNiFC-LSX  are 
examined  by  instrumental  analyses  (SEM,  XRD, 
WDS).  Fig.  15  show  the  SEM  images  of  sintered 


products.  The  surface  is  seen  to  be  porous  and  begins 
to  melt.  Especially,  many  Cs-concentrated  spots  are 
observed  on  the  surface  of  sintered  products  at  1,100 
°C  compared  to  that  for  the  sintered  products  of 
CsNiFC-A-51J.  Fig.  16  shows  the  elemental  mapping 
of  Si,  Al  and  Cs  for  the  sintered  products  of 
CsNiFC-LSX  at  1,000  °C.  The  distribution  of  Cs  was 
uniform  in  the  sintered  products.  As  for  the 
Cs-concentrated  spots  on  the  surface  (Fig.  15b), 
relatively  large  Cs  content  was  estimated  by  WDS 
(Fig.  17);  the  Cs  content  for  the  spots  was  estimated  to 
be  43.1  wt%.  The  formation  of  Cs-concentrated  spots 
is  related  to  the  lowering  of  Cs  immobilization  ratio, 
and  the  immobilization  of  Cs  can  be  enhanced  in  the 
case  of  amorphous  phase  such  as  the  sintered  products 
of  natural  mordenite  (SA-5).  The  stable  solidification 
of  insoluble  ferrocyanides  was  thus  accomplished  by 
using  the  excellent  Cs  immobilization  abilities  of 
zeolites  (Cs  trapping  and  self-sintering  abilities),  and 


(b)  Sintered  products  at  1,100  °C 
Fig.  15   SEM  images  of  sintered  CsNiFC-LSX. 
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Fig.  16  Elemental  mapping  of  Si,  Al  and  Cs  for  sintered 
products  of  CsNiFC-LSX  at  1,000  °C. 


Fig.  17  Elemental  mapping  of  Cs  for  Cs-concentrated 
spots  of  CsNiFC-LSX  at  1,100  °C. 

the  immobilization  mechanism  and  optimal  conditions 
should  be  clarified  in  detail.  This  method  can  be 
applied  to  the  stable  solidification  of  the  secondary 
solid  wastes  such  as  insoluble  ferrocyanide  sludge  in 
Fukushima  NPP-1. 

4.  Conclusions 

The  stable  solidification  of  insoluble  ferrocyanides 
was  accomplished  by  utilizing  the  excellent 
immobilizing  properties  of  zeolites  such  as  gas 
trapping  ability  and  self- sintering  properties.  The 
immobilization  ratio  of  Cs  for  Co  ferrocyanides 
saturated  with  Cs+  ions  (CsCoFC)  was  estimated  to  be 
less  than  0.1%  above  1,000  °C;  the  adsorbed  Cs+  ions 
were  completely  volatilized  and  CoFC  had  no  Cs 
immobilization  ability  at  high  temperature.  In  contrast, 


Cs  volatilization  and  cyanide  evolution  were 
considerably  depressed  for  the  sintered  composites  of 
insoluble  ferrocyanide -loaded  zeolites. 

The  immobilization  ratio  of  Cs  for  CsNiFC-SA-5 
sintered  at  1,000  °C  and  1,100  °C  was  estimated  to  be 
above  99%  and  95%,  respectively,  indicating  excellent 
immobilization  ability  of  natural  mordenites.  Similar 
results  were  obtained  in  the  case  of  sintered  CsCoFC- 
modified  chabazite.  On  the  other  hand,  the 
immobilization  ratio  for  sintered  composites 
(CsNiFC-A51,  CsNiFC-A51J  and  CsNiFC-LSX) 
tended  to  decrease  markedly  above  1,100  °C,  and 
specific  Cs-concentrated  spots  were  observed  on  the 
surface  of  the  sintered  products.  The  order  of 
immobilization  ability  for  the  composites  was  as 
follows: 

NiFC-SA-5  >  CoFC-  modified  chabazite  > 
NiFC-A-51  >  NiFC-A51J  >  NiFC-LSX. 
The  immobilization  of  Cs  is  related  to  the  surface 
morphology  change  and  phase  transformation  of 
zeolite  matrices,  and  the  immobilization  mechanism 
and  optimal  conditions  should  be  clarified  in  detail. 
This  method  can  be  applied  to  the  stable  solidification 
of  the  secondary  solid  wastes  such  as  insoluble 
ferrocyanide  sludge  in  Fukushima  NPP- 1 . 
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Abstract:  The  development  of  offshore  wind  energy  is  fast  as  it  is  clean,  safe  and  of  high  efficiency.  The  harsh  marine  environment 
raises  high  demand  on  the  foundation  design  of  offshore  wind  turbine.  Earthquake  loading  is  one  of  the  most  significant  factors  which 
should  be  considered  in  the  design  phase.  In  this  paper,  a  group  of  earthquake  centrifuge  tests  were  conducted  on  a  physical  wind 
turbine  model  with  tripod  foundation.  The  seismic  responses  of  both  wind  turbine  model  and  foundation  soil  were  analyzed  in  terms  of 
the  recorded  accelerations,  pore  water  pressures,  lateral  displacements  and  settlements.  The  results  were  also  compared  with  those 
measured  in  the  previous  research  on  mono-pile  foundation.  It  is  demonstrated  that  the  tripod  foundation  can  provide  better  resistance 
in  the  lateral  displacement  and  structural  settlement  under  earthquake  loading. 

Key  words:  Centrifuge  test,  offshore  wind  turbines,  seismic  responses,  tripod  foundation. 


1.  Introduction 

Offshore  wind  energy  has  been  developed  fast  in 
Europe  since  1990s.  It  is  estimated  that,  by  the  year 
2020,  at  least  40,000  MW  of  power  will  be  provided  by 
offshore  wind  energy  [1].  In  recent  years,  offshore 
wind  farms  have  been  quickly  becoming  an  attractive 
proposition  worldwide  due  to  the  higher  quality  wind 
resources  at  sea,  requirement  of  no  land,  and  less 
impacts  on  communities.  With  the  increasing  demands 
on  the  amount  of  wind  power  generation,  wind 
turbines  are  gradually  pushed  into  deeper  sea.  The  most 
common  turbine  size  has  increased  from  KW  (kilowatt) 
scale  to  MW  (megawatt)  scale.  The  majority  of  the 
modern  projects  tend  to  use  5  MW  turbines  or  even 
larger  units. 

In  addition,  the  fact  that  quite  a  few  offshore  wind 
farms  are  located  or  planned  to  be  built  in  seismic 
active  regions  has  posted  greater  challenges  to  the 
foundation  design  of  offshore  wind  turbines. 
Earthquake  may  cause  significant  damage  to  both 
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foundations  and  wind  towers,  depending  on  the 
performance  of  constituted  system  of  superstructures, 
foundations  and  surrounding  soils.  The  soil  of  the 
seabed  tends  to  be  softened  under  earthquake  loading 
which  will  adversely  affect  the  structure  stability.  The 
seismic-induced  structural  vibration  could  also  reduce 
the  efficiency  of  power  generation.  So  far,  the 
knowledge  about  seismic  resistance  of  offshore  wind 
foundations  is  far  from  mature  yet. 

The  commonly  used  foundations  for  offshore  wind 
turbine  include  gravity  base,  monopile,  and  multipile. 
Some  new  types  of  foundations,  such  as  suction 
bucket  and  floating  tension  leg  platform,  are  also 
given  significant  consideration  in  practice  in  order  to 
erect  wind  turbines  in  deeper  water.  Gravity  base  is  a 
traditional  foundation  which  provides  stability  against 
the  loads  transferred  either  from  the  superstructure  or 
from  the  adjacent  soil  by  their  massive  weight. 
However,  gravity  base  is  susceptible  to  the  water 
depth  and  soil  conditions  underneath  the  foundation 
and  usually  needs  pre-treatment  of  seabed  during  the 
installation.  This  type  of  foundation  might  result  in 
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significant  settlement  under  the  earthquake  loading. 
The  monopole  is  considered  as  an  easy  and 
cost-effective  foundation  in  supporting  offshore  wind 
turbine.  The  simply  designed  steel  pipe  is  able  to  keep 
upper  structure  stable  by  penetrating  into  deep  soil  or 
even  the  bedrock.  The  single  pile  supporting 
structures  tend  to  fail  in  the  form  of  tilting  or 
overturning  as  soil  loses  its  lateral  support  during  soil 
liquefaction. 

In  recent  decades,  quite  a  few  of  studies  have  been 
performed  on  the  multipile  foundation  for  offshore 
structures.  McClelland  [2]  presented  the  effects  of  pile 
size  selection  on  the  stability  of  the  deep  foundation 
for  offshore  structures.  Bea  et  al.  [3]  analyzed  the 
structural  reliability  of  platform  with  multipile 
foundations  under  extreme  environment,  i.e., 
hurricane  and  earthquake.  In  2003,  Randolph  [4]  built 
an  analytical  framework  for  the  estimation  of  design 
parameters  for  pile  foundations  in  both  onshore  and 
offshore  projects.  Dynamic  model  tests  were 
conducted  by  Li  et  al.  [5]  on  pile  foundations,  which 
provided  a  qualitative  evaluation  of  the  performance 
of  offshore  wind  turbine.  Brandenberg  et  al.  [6] 
performed  earthquake  centrifuge  tests  in  order  to 
analyze  the  responses  of  group  pile  foundation  during 
soil  liquefaction.  Some  of  recent  seismic  investigations 
were  conducted  on  full-scale  turbine  models  [7,  8]. 
However,  the  results  still  need  to  be  calibrated  and 
validated  in  the  design  phase. 

Tripod  foundation,  a  new  adaption  of  the  traditional 
mono-pile  foundation,  is  the  most  favorable  offshore 
foundation  because  of  light  weight  and  great  stability. 
It  is  typically  used  in  water  more  than  25  m  deep,  while 
the  mono-pile  seems  to  be  the  best  solution  in  water 
depth  of  10  m  to  25  m  and  gravity  base  in  less  than  10 
m  [9].  The  three  legs  of  tripod  are  piled  to  the  sea  bed 
supporting  the  transition  piece  and  turbine.  The  tripod 
foundation  is  thought  to  be  able  to  limit  the  deflections 
of  the  wind  towers  [10].  Pile  foundation  is  commonly 
used  as  platform  foundation.  Without  sufficient  field 
data  and  experiences,  the  seismic  evaluation  and  design 


of  offshore  wind  turbines  with  tripod  foundation  are 
commonly  based  on  the  criteria  developed  for  oil 
platforms  (API  [11];  DIN  19901-6  [12])  or  general 
building  structures  (FEMA450  [13];  IBC  [14]; 
ASCE7-05  [15]).  In  addition,  it  may  be  helpful  to  refer 
to  the  physical  experiments  or  numerical  analysis  on 
the  seismic  behavior  of  pile  foundations  for  different 
superstructures  [16-21]. 

In  this  study,  the  tripod  foundation  with  three  legs 
was  modelled  in  a  group  of  earthquake  centrifuge  tests. 
The  earthquake  loading  was  simulated  by  shaking 
table  located  on  the  geotechnical  centrifuge  and  real 
earthquake  excitation  was  induced.  The  seismic 
responses  of  both  wind  turbine  and  foundation  soil 
were  analyzed  in  terms  of  the  recorded  accelerations, 
pore  water  pressures,  lateral  displacements  and 
settlements.  Then,  the  foundation  behavior  was 
analyzed  simultaneously  together  with  the  upper 
structure.  The  measured  results  were  also  compared 
with  those  of  the  monopile  foundation  model  from 
previous  studies.  The  conclusions  of  this  study  will  be 
helpful  in  the  phase  of  selecting  and  designing  the 
offshore  wind  foundations  in  seismic  areas. 

2.  Test  Program 

2.1  Test  Facilities  and  Soil  Deposit 

The  wind  turbine  model  was  tested  on  the 
geotechnical  centrifuge  at  Case  Western  Reserve 
University  (Fig.  1).  The  centrifuge  payload  capacity  is 
20  g-ton  with  a  maximum  acceleration  of  200  g  for 
static  tests  and  100  g  for  dynamic  tests.  The  arm  has  a 
radius  of  1.07  m  while  the  dual  platforms  lie  at  a  radius 
of  1 .37  m  during  flight  and  can  carry  payloads  of  up  to 
182  kg.  A  hydraulic  shaker  designed  by  Team 
Corporation  is  mounted  on  the  centrifuge  platform.  It 
can  generate  1-D  earthquake  shaking  in  the  flight.  The 
details  of  the  CWRU  centrifuge  were  reported  by 
Figueroa  et  al.  [22].  A  rigid  container,  with  internal 
dimensions  of  53.3  (length)  x  24.1  (width)  x  17.7  cm 
(height)  was  utilized  in  the  tests.  Different  from  the 
laminar  container,  the  rigid  side  walls  allow  seismic 
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I  -  Platform  7-  Three  Sided  Skirt 


2-  Ann  8-  Instrumentation  Rack 

3-  Drive  Motor  9-  Enclosure  Walls 
A-  Main  Shaft  1 0-  Slip  Rings 

5-  Top  Bearing  11- Hydraulic  Joint 

6-  Bottom  Bearing 

Fig.  1    CWRU  centrifuge  [22]. 

energy  to  be  transmitted  both  from  the  base  and  from 
the  side  walls.  Therefore,  the  obtained  seismic 
responses  of  wind  turbine  models  were  relatively 
stronger  and  might  be  treated  as  the  upper  bound  in  the 
design  phase. 

The  soil  layer  was  constructed  at  1  g  (g  = 
acceleration  of  gravity)  by  using  the  well  graded 
Toyoura  sand  with  Dgo  =  0.17  mm.  The  soil  was 
uniformly  poured  from  the  height  of  80  cm  to  keep  the 
relative  density  at  about  68%.  The  detailed  soil 
property  parameters  are  listed  in  Table  1 .  The  thickness 
of  soil  deposit  was  4.5  m  (in  prototype  scale  under  50 
g).  The  saturation  process  was  accomplished  by  using 
de-aired  water  and  applying  vacuum  for  at  least  24  h. 
The  water  table  was  maintained  1.5  m  above  the 
ground  surface  to  simulate  the  offshore  condition. 

2.2  Model  Configuration  and  Test  Procedures 

The  centrifuge  model  was  designed  by  considering 
the  dimensions  and  masses  of  prototype  wind  turbine 
and  foundation.  As  shown  in  Fig.  2,  the  model 
contained  three  parts:  tower  head,  wind  tower  and 
foundation.  The  tower  head  was  simplified  as  a  lumped 
mass,  including  the  mass  of  the  nacelle,  generator, 
gearbox,  etc.  at  the  top  of  the  tower  rod  with  large 
slenderness  ratio.  This  type  of  structure  tended  to 
induce  large  overturning  moment  under  earthquake 
loading.  Three  legs  of  tripod  foundation  were  modeled 
by  using  three  aluminum  rods  integrated  by  a  triangle 


Table  1    Toyoura  sand  property  parameters. 


Parameter  Value 

Particle  shape  Angular 

C„  1.59 

Cc  0.96 

Specific  gravity  2.65 

D50  0.17  mm 

D10  0.16  mm 

Maximum  void  ratio  0.98 

Minimum  void  ratio  0.60 


-8m  \-2m  -\ 


Fig.  2    Model  configuration  (in  prototype  unit). 

transition  piece  and  driven  into  the  ground  by  3  m.  The 
details  of  each  part  were  shown  in  Table  1. 

The  testing  model  was  instrumented  by  ACC 
(accelerometers),  PPT  (pore  pressure  transducers)  and 
LVDTs  (linear  variable  differential  Transducers).  The 
detailed  model  profile  as  well  as  the  instrument  layout 
was  depicted  in  Fig.  2  (the  dimension  was  depicted  in 
prototype  model  under  50  g).  A  1-D  synthetic 
earthquake  (Fig.  3)  was  applied  along  the  model  base 
when  the  soil  was  consolidated  under  50  g  gravitational 

Table  2   Wind  turbine  models  in  the  centrifuge  tests. 

Dimension  (m)  Weight  (t) 

Tower  head  1.75  x  1.75  x  1.25  10.6 

Wind  tower  L  =  13;  D  =  0.5  6.25 

Transition  piece       Triangle  shape  L  =  5  6.5 
Foundation  L  =  3,  D  =  0.5  1.6/each 

(In  prototype  scale;  L  =  length;  D  =  diameter). 
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Fig.  3  Typical  input  acceleration. 

field.  In  the  meantime,  acceleration  and  pore  pressure 
time  histories  were  recorded  by  the  installed  sensors. 

The  lateral  displacement  and  settlements  of  structure 
were  also  measured  by  LVDTs.  Centrifuge  scaling 
laws  [23]  would  be  employed  to  evaluate  the  prototype 
behavior  of  the  model. 

3.  Test  Result  Sand  Analysis 

3.1  Seismic  Response  of  Soil 

In  the  model  tests,  the  accelerometers  and  pore 
pressure  transducers  were  installed  in  pairs  at  different 
locations  and  depths  in  the  soil.  Due  to  the  higher 
effective  stress,  quite  low  excess  pore  water  pressure 
ratio  was  obtained  at  3.5  m  below  the  ground  surface. 
Accordingly,  soil  strength  remained  almost  the  same 
under  earthquake  loading.  The  shape  and  magnitude  of 
recorded  time  histories  of  acceleration  by  ACC2  and 
ACC5  were  quite  similar  to  the  input  motion  (Fig.  4). 

In  the  shallow  depth  of  0.5  m  below  the  ground 
surface,  the  transducers  were  installed  under  the 
structure,  outside  the  structure  but  adjacent  to  the 
tripod  leg,  and  far  away  from  the  foundation, 
respectively.  The  recorded  time  histories  of  pore  water 
pressure  ratio  are  compared  in  Fig.  5.  The  solid 
horizontal  line  indicates  that  the  liquefaction  occurs  as 
soon  as  the  pore  water  pressure  ratio  is  equal  to  1 .  The 
lowest  pore  water  pressure  is  generated  right  beneath 
the  structure.  The  underlying  soil  was  reinforced  by  the 
three  legs  of  tripod  foundation  and  increased  confining 


0  5  10  15  20  25 

Time  (sec) 

Fig.  4  Recorded  time  Histories  of  accelerations  in  the  deep 
soil. 


0  5  10  15  20  25 

Time  (sec) 

Fig.  5  Recorded  time  histories  of  pore  pressure  ratio  in  the 
saturated  soil. 

pressure.  The  retained  soil  strength  can  be  seen  from 
the  recorded  acceleration  in  ACC1  (Fig.  6).  The  soil 
adjacent  to  the  leg  of  tripod  foundation  (ACC3)  tended 
to  be  liquefied  during  the  strong  shaking,  however,  the 
softening  process  lasted  quite  a  short  time.  The  tripod 
foundation  would  support  the  loads  both  from  the 
superstructure  and  the  surrounding  soil. 
Correspondingly,  the  seismic  behaviors  of  soils  under 
the  structure  and  adjacent  field  would  be  influenced  by 
the  tripod  foundation.  However,  the  interaction 
between  soil  and  foundation  is  quite  difficult  to 
measure  in  the  physical  experiments.  The  soil  in  the 
free  field  was  not  influenced  by  the  structure  or  the 
container  boundaries.  The  recorded  pore  pressure  ratio 
by  PPT4  (Fig.  5)  indicates  the  occurrence  of  intense 
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Fig.  6    Recorded  time  histories  of  accelerations  in  the  soil. 

liquefaction  starting  at  the  fifth  second.  The  reduction 
of  soil  stiffness  in  ACC4  (Fig.  6)  is  quite  apparent  and 
lasts  quite  a  long  time.  These  different  soil  responses 
also  illustrated  the  existence  of  soil- structure 
interaction. 

3.2  Seismic  Response  of  Wind  Turbine 

The  accelerometer  ACC6  was  mounted  on  the  tower 
head.  As  shown  in  Fig.  7,  the  maximum  recorded 
acceleration  during  the  earthquake  is  less  than  0.2  g, 
which  is  just  half  of  that  measured  in  mono-pile 
foundation  model  in  the  previous  study.  The  mono-pile 
model,  which  had  exactly  the  same  superstructure, 
failed  by  toppling  during  the  strong  shaking  when  it 
was  penetrated  half  into  the  soil.  Therefore,  the  tests 
were  conducted  with  the  mono-pile  model  standing  on 
the  base  of  container.  According  to  the  measurements 
by  LVDTs  installed  horizontally  at  3.25  m  above  the 
foundation  (Fig.  2),  the  wind  turbine  model  rotated 
only  0.6°  after  the  earthquake,  which  was  50%  smaller 
than  the  result  by  using  mono-pile  foundation  (Table  2). 
The  data  demonstrates  that  the  tripod  foundation  has  a 
better  resistance  to  the  overturning  moment  under 
seismic  loading.  In  addition,  the  tripod  model  sunk 
only  5  cm  during  the  shaking  which  exhibited  a  strong 
resistance  to  seismic -induced  settlement. 

From  geotechnical  engineering  point  of  view,  the 
studies  of  offshore  wind  turbine  should  consider  the 
wind  turbine,  foundation  and  surrounding  soil  in  the 
surrounding  area  as  a  system.  Appropriate  stiffness  and 


Time  (sec) 

Fig.  7  Recorded  time  histories  of  acceleration  in  tripod 
model  and  mono-pile  model. 

Table  2  Comparison  of  residual  rotation  and  settlement 
under  earthquake  between  tripod  model  and  monopile 
model. 


Residual  rotaton 

Settlement 

Tripod 

0.6° 

5  cm 

Monopile 

1.3° 

n/a 

damping  ratio  of  the  integrated  system  should  be 
selected  in  the  design  phase  in  order  to  avoid  the 
damage  caused  by  resonance.  This  aspect  needs  to  be 
further  studied  by  combining  physical  experiments  and 
numerical  analysis. 

4.  Conclusions 

In  this  paper,  a  group  of  earthquake  centrifuge  tests 
had  been  performed  on  offshore  wind  turbine  model 
with  tripod  foundation  in  order  to  exam  the  soil 
behavior  under  earthquake  loading  and  the  provided 
structural  stability  by  the  tripod  foundation.  Based  on 
the  measured  responses  in  both  soil  and  structure,  as 
well  as  the  comparison  with  the  precious  work  of 
mono-pile  foundation,  the  testing  results  can  be 
concluded  as: 

(1)  The  soil  underlying  the  structure  was  reinforced 
by  the  tripod  foundation; 

(2)  Comparing  with  the  monopole  foundation,  tripod 
foundation  was  a  better  solution  for  mitigating  lateral 
rotation  under  seismic  loading; 

(3)  Tripod  foundation  exhibited  good  resistance  to 
seismic-induced  settlement; 

(4)  The  measurement  of  interaction  between  soil  and 
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tripod  legs  under  earthquake  was  quite  difficult  in  the 
physical  tests.  The  numerical  analysis  is  needed  in  the 
future  study. 
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Abstract:  Tidal  currents  are  a  resource  of  great  potentiality  and  not  yet  fully  explored.  Several  efforts  have  been  made  to  exploit  these 
resources,  but  the  costs  associated  to  the  deployment  of  tidal  plants  in  marine  environments  are  usually  too  high.  The  aim  of  this  work 
is  to  present  a  system  able  to  handle  with  the  above  mentioned  problems,  through  the  development  of  a  particular  hydrokinetic  turbine 
design.  In  previous  works,  the  authors  described  a  basic  turbine  configuration  achieving  interesting  performances,  although  some 
operational  inconveniences  were  detected.  Those  problems  have  been  existing  so  the  solution  should  be  optimized  and  redesigned.  As 
a  result,  a  new  design  of  the  turbine  is  proposed,  consisting  of  a  double  rotor  spinning  in  opposite  directions  in  order  to  balance  the 
induced  mechanical  torque.  From  preliminary  evaluations  related  to  the  Messina  Strait  tidal  cycles  (Punta  Pezzo  site,  RC,  Italy),  a 
single  12  m  diameter  turbine  can  supply  a  power  of  about  500  kW  with  a  peak  current  speed  of  3  m/s  and  deliver  up  to  450  MWh/year. 

Key  words:  Tidal  currents,  kinetic  turbine,  double  rotor  configuration,  equilibrium,  pilot  plant  estimation. 


1.  Introduction 

There  are  several  ways  to  harness  the  energy  from 
renewable  sources  like  wind  or  water,  mainly 
converting  the  kinetic  flow  energy  into  electrical 
power  [1-8]. 

The  main  challenges  are:  high  efficiency  and  low 
environmental  impact,  with  reasonable  costs.  Due  to 
their  significant  dimensions,  the  wind  turbines  have  a 
relevant  visual  impact.  In  order  to  reduce  this 
disadvantage,  the  offshore  installations  are  more  often 
implemented  [5],  but  a  good  cost/benefits  ratio  is 
actually  achieved  only  in  shallow  waters,  not  too  far 
from  the  coast. 

A  convenient  alternative  is  to  shift  the  attention  from 
wind  to  water,  in  order  to  take  advantage  of  the  higher 
fluid  density  allowing  higher  power  outputs  with 
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research  fields:  hydraulic  pumps  and  turbines,  oil  dynamic 
pumps,  compressible  fluid  turbines,  marine  turbines.  E-mail: 
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smaller  size  turbines. 

These  turbines  can  be  interesting  for  a  number  of 
reasons: 

•  Lower  visual  impact,  since  they  are  installed 
underwater  and  just  buoys  and/or  floating  structures 
are  visible,  also  to  ensure  a  safe  navigation; 

•  Reduced  risk  for  fauna:  the  low  rotational  speed 
and  number  of  blades,  together  with  large  diameters, 
allow  the  fishes  and  marine  species  to  pass  through; 

•  Predictability  of  tidal  currents  speeds  and  ranges 
(seasonal  intensity  and  directions)  are  easy  and 
definitely  available,  unlike  the  wind  resources; 

•  Exploitation  of  the  sea  energy  resource,  due  to  its 
predictability,  may  provide  an  electrical  output  of 
better  quality,  as  to  be  able  to  balance  against  the 
irregularity  of  wind  power. 

In  literature  many  examples  of  marine  turbines  are 
present.  To  date,  these  turbines  are  yet  under 
investigation  [6]  mainly  by  fluid  dynamic  calculations 
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and  modeling.  The  state  of  the  art  in  this  field  is  today 
at  an  experimental  stage  and  only  a  few  devices  have 
been  assembled  and  tested  in  real  conditions. 

The  main  challenges  are  to  improve  their  efficiency 
and  reduce  the  costs.  For  the  first  goal,  each  solution, 
depending  on  the  turbine  type  (horizontal  or  vertical  axis) 
or  geometry  (Coiro  et  al.  [7],  Kiho  et  al.  [8])  chosen, 
could  be  optimized  by  the  theoretical  efforts  described 
above  and  by  the  possible  test  in  appropriate  scale. 

The  second  goal  is  harder  to  achieve:  the  installation 
of  traditional  off-shore  devices  is  considerably 
expensive,  time  consuming  and  requires  high  skilled 
personnel.  The  installation  of  on-shore  systems  is 
significantly  cheaper,  simpler  and  faster. 

In  previous  works  [9-11],  a  turbine  moored  to  the 
coast  by  a  steel  rope  was  introduced.  Its  peculiarity  was 
the  use  of  a  deflector  which  reduces  the  various 
hydrodynamic  forces  involved  into  a  single  tensile 
stress  along  the  rope.  Such  machine  was  useful  for  sites 
with  right  bathymetric  profile,  and  high  current  speeds. 
Many  sites  around  the  world  are  characterized  by  the 
presence  of  water  currents  with  velocities  greater  than 
3  m/s  [3,  4].  The  proposed  installation  is  however 
intended  for  working  at  Punta  Pezzo,  in  the  Messina 
Strait. 

This  paper  presented  in  the  European  seminar 
"OWEMES  2012"  [12],  a  further  development  of  this 
machine  is  described  involving  a  different  torque 
balancing  system  together  with  a  visual  impact  reduction. 

2.  Single  Rotor  Tidal  Machine:  Operating 
Principle 

In  previous  works  [9-11],  an  innovative  tidal 
machine,  able  to  operate  in  a  power  plant  whose 
foundation  was  designed  directly  on  the  coast,  has  been 
set  up.  In  the  two  following  sections  the  main  steps 
summarizing  the  machine  characteristics  and  its  design 
procedure  will  be  deployed. 

2. 1  Description  of  the  System 

The  system  has  been  set  up  in  a  simple  way 


considering  the  possibility  to  operate  with  a  turbine 
moored  to  the  coast  by  a  steel  rope. 

Figs.  1  and  2  show  the  main  views  of  the  single  rotor 
machine.  It  is  moored  to  the  shore  by  a  tensile  cable  led 
by  a  rigid  rod.  The  equilibrium  is  ensured  by  a  deflector 
connected  to  the  stator.  The  forces  acting  on  the 
deflector  (Lr  lift  and  Dr  drag)  and  (7)  due  to  the  rotation 
of  the  turbine  combine  in  a  resultant  that  tightens  the 
rope  (Fig.  1). 

Fig.  2  shows  the  overall  machine  design  (frontal  & 
side  views).  The  torque  acting  on  the  turbine  rotor  is 
fully  counterbalanced  by  the  effect  of  a  buoyant  system. 
The  buoyant  system  is  connected  to  a  floating  structure 
which  hosts  the  generator/alternator.  The  rotational 
motion  is  driven  to  the  generating  device  by  a  drive 
shaft  with  a  bevel  pinion  connected  through  a  sprocket. 
In  addition,  a  rigid  frame  (Fig.  2)  has  been 
implemented  in  order  to  connect  the  rope  to  the  turbine 
vertical  diameter  and  ensure  the  vertical  equilibrium. 

The  turbine  weight  and  the  sustaining  effect  of  the 
buoyant  system  produce  a  stabilizing  momentum 
opposing  to  the  one  developed  by  the  blades'  thrust. 
The  vertical  deviation  has  been  estimated  in  an  angle  of 
few  degrees,  which  would  not  have  significant  effects 
on  the  energy  conversion. 

The  system  has  been  designed  to  work  in  sites  where 
the  current  periodically  changes  direction.  When  a  tide 
inversion  occurs,  a  special  device  rewinds  the  rope,  so 
that  the  turbine  moves  from  position  1  (Fig.  3)  to  the 
positions  2  and  3  without  changing  the  angle  fif.  it 
allows  the  rod  to  rotate,  so  the  turbine  passes  through 
the  positions  4  and  5.  Finally  the  rope  is  released,  so  the 
machine,  passing  to  the  position  6,  moves  to  a  new 
equilibrium  in  position  7,  with  an  angle  /??. 

2. 1  Previous  Results 

In  order  to  design  machines  able  to  provide  hundreds 
of  kW  it  is  necessary  to  choose  values  of  diameters 
between  10  m  and  20  m  and  to  ensure  that  the  turbine 
works  at  variable  rotational  speeds  and,  then,  at 
constant  values  of  X. 
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Fig.  1   Scheme  of  the  prototype,  showing  the  balance  of  forces. 


On-shore  fundation 


Side  view  of  the  system 
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1  Deflector 

I 

2  Bearings 

3  Connecting  rods 

4  Rotor 

5  Floating  structure 

6  Buoys 

7  Generator/alternator 

8  Drive  shaft  with  bevel  pinion 

9  Sprocket 

10  Rod 

1 1  Rope 

Fig.  2   Scheme  of  the  prototype,  showing  side  and  frontal  views. 


Key 

va  =  tidal  speed 

L,.  =  deflector  lift 

D,.  =  deflector  drag 

T=  rate  of  change  of  momentum 

the  axial  direction 

R  =  resultant 

1  =  rotor 

2  =  deflector 

3  =  rope 

4  =  anchoring  arm 


Frontal  view  of  the  system 


1  

Fig.  3  Turbine  equilibrium  positions  varying  with  the  motion  of  tides. 

According  to  the  Betz  theory  [13-16]  and  assuming 
that  the  turbine  always  works  at  its  best  operating 
condition — input  (v)  and  output  (y2)  speed  equal 
respectively  to  2/3  and  1/3  of  the  unaltered  flow 
velocity  (vQ) — the  forces  mentioned  in  Section  2.1  can 
be  calculated  through  the  following  equations: 


4 

T  =  PAotv(v-v2)  =  -pArotv0 


1Defl 
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In  the  previous  equations,  ADeji  indicates  the 
deflector  area,  Arot  is  the  blade  disc  area,  Ci  is  the  lift 
coefficient,  Co  is  the  drag  coefficient  and  p  is  the 
density  of  the  water. 

The  resultant  R  assumes  the  angle  p  with  reference 
to  the  coast  (Fig.  1).  This  angle  characterizes  the 
system  because  it  never  changes,  but  it  depends  only  on 
geometrical  parameters. 

The  equilibrium  equation  of  the  moments  with 
respect  to  the  hinge,  taking  into  account  the  length  of 
the  rope  L,  is  given  by: 

(T  +  Dr  )L  sin(  p)  =  LrL  cos(  p)  (4) 

Through  Eqs.  (l)-(3),  the  equilibrium  equation 
becomes: 


tanOS) 


(5) 


4  ' 


Finally,  introducing  Eq.  (5),  the  deflector  efficiency 
E  and  developing  the  rotor  area  Arot,  the  position  angle 
P  depends  only  on  the  geometrical  parameters  as 
shown  in  the  next  equation. 

-ff]tau(y,)  =  Ci^(l-^)]  (6) 

The  position  angle  P  is  an  important  design 
parameter  since  it  allows  to  set  up  the  turbine  internal 
diameter  (D,),  the  disc  area  Arot  and  then,  together  with 
other  factors,  the  electrical  power  Pe  of  the  turbine  once 
the  external  diameter  De,  the  electrical  efficiency  rje, 
the  mechanical  efficiency  rjm,  the  power  coefficient  Cp, 
are  fixed  in  Eq.  (7). 

Pe=r}enmCp(A)Ant(p)p^-  (7) 

The  power  curves,  related  to  four  different  current 
velocities,  of  a  turbine  with  an  external  diameter  equal 
to  12  m  and  a  Cp  coefficient  equal  to  0.48  change  with 
the  P  angle  as  shown  in  Fig.  4. 

The  optimal  angle  associated  with  the  maximum 
power,  is  always  11°  regardless  of  the  considered 
velocity  range. 

The  blades  design  defines  the  rotor  geometry.  For 
this  purpose  an  appropriate  blade  profile,  the  value  of 
the  tip  speed  ratio  X  and  the  number  of  blades  z  must  be 
chosen.  Once  the  latest  parameters  are  set  up,  through 
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Fig.  4   Power  curves. 

the  relations  of  optimal  blade  design  in  Eqs.  (8)-(l  1),  it 
is  possible  to  obtain  the  variation  along  the  radius  r  of 
two  main  parameters:  the  chord  c  and  the  angle  of 
attack  PP[15,  16]: 

8/9  

(8) 


1  nDr 
z  XC,h 


9/t2/r 


Pf  =  *-ap  (9) 
In  the  above  equations,  the  parameter  C/j  is  the  lift 
coefficient  of  the  rotor  blades,  ap  is  the  rotor's  optimal 
incidence  angle  while  the  factors  <j>  and  /J  are  expressed 
by  the  Eqs.  (10)  and  (11): 


=  arctg 


2/3 


2r 
D 


(10) 


(11) 


At  this  point  it  is  necessary  to  choose  the  tip  speed 
ratio  X  value  and  the  number  of  blades  z. 

For  this  purpose,  the  turbine  application  chart, 
shown  in  Fig.  5,  Refs.  [10,  1 1]  is  useful  to  calculate  the 
best  values  of  X  and  z.  The  area  surrounded  by  the 
black  line  is  defined  considering  that: 

(1)  Very  high  values  of  X  indicate  too  thin  blades 
unable  to  resist  the  stresses  acting  on  them; 

(2)  Very  low  values  of  X  indicate  an  excessive 
overlapping  of  the  blades  profiles  placed  around  the  hub; 
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Fig.  5  Application  chart. 


(3)  The  number  of  blades  z  must  be  greater  than  2; 

(4)  A  higher  number  of  blades  z  is  profitable  (and 
then  allowed)  only  if  it  generates  incomes  higher  than 
the  costs. 

The  area  shown  in  Fig.  5  is  discretized  in  a  finite 
number  of  cells  by  changing  A  with  steps  of  0.5. 

To  calculate  the  system  energy  output,  it  is  necessary 
to  know  the  speed  distribution  of  the  streams  in  the 
considered  site.  According  to  the  data  supplied  in  2008 
[17],  the  hourly  current  speeds  distribution  for  the  Punta 
Pezzo  site  has  been  evaluated,  as  shown  in  Fig.  6. 

Now  it  is  possible  to  calculate  cell  by  cell,  the  Cp  [15] 
value  and  the  Vstartup  value  [10,  1 1],  depending  on  A  and 
z  (in  Figs.  7a  and  7b). 

For  each  class  of  velocity  represented  in  Fig.  6,  it  is 
possible  to  calculate  the  cubic  average  speed,  by 
considering  only  values  greater  than  Vstartup,  and  the 
turbine  power  as  indicated  in  Eq.  (7). 

The  energy  output  yearly  produced  for  any  given 
configuration  {A,  z),  can  be  calculated  by  summing  the 
energy  of  all  the  velocity  classes  v,  displayed  in  Fig.  6: 

J>(v(.  )Ati  =  i  pveVmCP  {A,  z)  £v,3  At, 


year 

V:  >V 


year 


(12) 


startup 


(A,z) 


The  cell  producing  the  best  energy  output  (among 
those  displayed  in  the  application  chart)  fixes  the 
design  parameters  X  and  z. 

3.  Double  Rotor  Turbine  Outline 

The  new  machine  (in  scheme  Fig.  8)  is  arranged  by  a 
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Fig.  6  Hourly  currents  speeds  distribution. 
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Fig.  7    (a)  Cp  curves;  (b)  Cut  in  velocities. 

circular  stator  implementing  two  rotors  (inside  and 
outside).  The  two  rotors  blades  are  designed  in  order  to 
allow: 

•  the  same  rotation  speed  but  in  opposite  directions; 

•  the  same  torque  acting  on  each  rotor. 
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Fig.  8  Working  scheme. 

3.1  Architecture  of  the  Machine 

The  two  rotor  implementation  allows  a  balanced 
system  working  without  any  torsional  effects.  The 
compact  stabilizer  keeps  the  machine  in  vertical 
position  at  a  constant  level  from  the  sea  surface,  as 
shown  in  Figs.  9  and  10. 

Inside  each  rotor  there  are  several  permanent  magnets, 
coupled  with  their  respective  coils  located  inside  the 
stator,  whose  movement  will  generate  the  magnetic  field 
needed  for  producing  electricity  (Fig.  1 1). 

3.2  Improvements  Compared  to  the  Old  Configuration 

Several    features    have    been    developed  and 
implemented  for  this  new  machine: 

(1)  The  stabilizing  system  is  now  easier  and  lighter, 
without  any  wide  floating  structure  (suspended  by 
buoys),  as  shown  in  Fig.  2,  but  just  a  simple  level 
stabilizer  (Figs.  8  and  9); 

(2)  No  mechanical  devices  are  now  needed  to 
convert  mechanical  energy  into  electrical  one:  a 
permanent  magnet  generator  is  implemented  directly 
on  the  machine  (Fig.  1 0); 

(3)  No  mechanical  transmission,  no  pinions  or 
gearboxes  needed  to  transfer  the  motion  for  producing 
electrical  energy,  and,  consequently,  no  mechanical 
losses  are  present.  The  electrical  energy  produced  is 
driven  to  the  inverter  by  cables. 


/  /  /  /         7777         /  /  /  /  7777 

4.  Rotors  Dimensioning 

The  calculus  procedure  is  the  same  defined  in  the 
previous  works  [10,  11].  However,  in  this  specific  case 
the  turbine  is  arranged  by  two  rotors  working  together 
to  achieve  a  better  equilibrium.  Each  rotor  is  designed 
with  the  Eqs.  (8)-(l  1)  once  the  parameters  A  and  z  are 
fixed.  Therefore  those  parameters  for  both  the  rotors 
are  to  be  considered. 

4.1  Determination  of  the  Tip  Speed  Ratios  A;  and  X2 

In  order  to  design  the  rotors  it  is  necessary  to  fix 
some  criteria.  With  the  aim  of  having  two  electrical 
generators  rotating  at  the  same  speed  and  considering 
the  mechanical  balance  above  described,  the  main 
criteria  are  as  follows: 

•  The  rotors  must  rotate  at  the  same  speed  in 
opposite  direction; 

•  The  torques  acting  on  the  rotors  must  be  the  same. 
Therefore  the  powers  developed  by  the  two  rotors 

are  the  same.  In  the  following  equations  the  above 
criteria  are  deployed: 

Pl=P2  (13) 
jpCpi^A.vl  =jPCp(Z2)A2v30  (14) 

Cp(A1)Al  =  Cp(A2)A2  (15) 
The  power  coefficient  expression  comes  from  the 
vortex  cylinder  theory  combined  with  the  Prandtl's 
theory  [15,  16]: 


seabed 
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Fig.  9  Views  of  the  new  turbine. 


1 .  stator 

2.  inside  rotor 

3.  inside  rotor  blade 

4.  outside  rotor 

5.  outside  rotor  blade 

6.  level  stabilizer 

7.  level  stabilizer  support 

8.  retaining  system  stator  connector 

9.  deflector  support 

10.  retaining  system  connector 

1 1 .  deflector 

12.  retaining  to  rope  connector  fixture 


Fig.  10  Main  parts  of  the  turbine. 
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By  combining  Eqs.  (15)  and  (16)  and  developing  the 
blades  areas  A  /  and  A2\ 
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Considering  that: 
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or  developing  with  respect  to  the  intermediate  diameter 


D  =^D 

m         n  e 

and  taking  into  account  the  design  diameter  ratio: 

A 


D. 
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(19) 
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Fig.  11   Permanent  magnet  generator. 


or: 


A  =  rD. 


the  Eq.  (17)  becomes: 
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Once  the  value  of  Xi  (external  rotor),  the  blades 
number  z;  andz2,  the  external  diameter  De,  the  internal 
diameter  £),  and  thus  the  ratio  r  are  fixed,  through  the 
last  equation  it  is  possible  to  calculate  the  value  of  X2 
(internal  rotor). 

The  couple  of  values  of  X,  z,  through  the  Eqs. 
(8)-(ll),  determines  the  design  of  the  blades  for  each 
rotor. 

The  input  of  the  design  procedure  is  then:  the  tip 
speed  ratio  of  the  external  rotor  Xi,  the  number  of  blade 
z  of  each  rotor  (normally  chosen  z1=z2),  the  external 
diameter  De,  the  diameter  ratio  r  which  depends  on  the 
position  angle  /?. 

The  external  diameter  De  is  a  free  parameter:  it  is 
chosen  according  to  the  possibility  to  install  the  turbine 
near  the  coast  in  deep  waters. 

For  the  choice  of  the  internal  diameter  it  is  necessary 
to  calculate  the  power  curves  shown  in  Fig.  4:  the  best 


1 .  ball  bearing; 

2.  coils; 

3 .  permanent  magnet; 

4.  o-ring; 


power  implies  an  optimal  position  angle  ft  and  then  an 
optimal  diameter  ratio  D/De  in  Eq.  (6). 

Finally  on  the  application  chart  of  the  double  rotor 
machine  it  is  possible  to  look  for  the  cell  to  produce  the 
maximum  energy  output  in  order  to  determine  the 
blade  design  parameters  (X,  z). 

5.  Results 

The  turbine  design  starts  from  the  choice  of  the 
parameters  (X,  z)  on  the  application  chart  (Fig.  12). 

The  above  mentioned  constrains  (geometric, 
structural  and  economic)  cancel  the  inadmissible 
configurations  (X,  z). 

In  this  chart  [18],  the  geometric  constrain  is  fixed  by 
considering  that: 

•  The  chord  variation  occurs  without  excessive 
gradient  between  the  blades  tip  related  to  the  internal 
rotor  and  the  blades  hub  related  to  the  external  rotor; 

•  Only  a  difference  of  0.3  m  between  the  two  chords 
above  can  be  allowed. 

The  structural  constraint  defines  a  knock  out  area  for 
all  configurations  (X,  z)  inducing  stresses  on  the  blades 
higher  than  the  admissible  limits  for  a  given  material. 

The  economic  constraint  is  deduced  by  evaluating  if 
the  costs  increase  required  for  producing  one  more 
blade,  involving  a  higher  energy  output,  is  covered  by 
higher  incomes. 
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Fig.  12  Application  chart  double  rotor  turbine. 

The  chart  is  drawn  up  by  considering  the  operating 
cells  of  both  rotors.  The  black  lines  surround  the  white 
cells  of  the  external  rotor  while  the  dashed  gray  lines 
surround  the  white  cells  of  the  internal  rotor  (Fig.  12). 
It  is  necessary  to  determine  the  best  energy  output 
among  the  cells  pertinent  to  the  internal  rotor  and 
among  the  cells  pertinent  to  the  external  rotor. 

The  energy  output  is  calculated  cell  by  cell  by 
integrating  in  a  year  the  value  of  the  power  P(v) 
relative  to  the  speed  ranges  of  the  considered  site: 


E(A,z)=  ^P(v)dt  v>v 


startup 


(23) 


(24) 


The  tidal  velocities  change  with  the  time  t  according 
to  the  following  harmonic  series  [17]: 
V(t)  =Alsena\t  +  A^encaJ  +  A^sencoJ  +  A4sena>4t  + 1 
A^sencQj  +  ArSencoJ  +  Ajsem^t  +  Aisena\t 
where,  the  values  Aj  and  o,  depend  on  the  chosen  site.  The 
calculus  of  the  integrate  (23)  is  done  by  considering  values 
of  velocity  greater  than  the  turbine  startup  velocities 
which  depend  on  the  values  (A,  z)  as  shown  in  Fig.  7. 

Fig.  13  shows  the  energy  output  level  curves  obtained 
for  the  Calabrian  site  of  Punta  Pezzo,  located  in  the 
Messina  Strait.  Each  curve  represents  a  specific  energy 
level  per  unit  of  blade  area.  The  curves  are  useful  to 
point  out  the  best  values  {Aj,  z/)  for  the  external  rotor. 

Obviously  the  value  of  A2  (internal  rotor)  depends 
on  the  value  of  Aj  (external  rotor)  according  to  the  Eq. 
(22).  Then,  by  imposing  the  same  number  of  blades 


(z;  =  z2),  it  is  possible  to  determine  the  optimal  energy 
output  of  the  whole  machine. 

In  Fig.  13,  these  values  are  highlighted.  The  best 
value  of  A]  (external  rotor)  is  equal  to  2.5  and  the  best 
number  of  blade  z;  is  equal  to  7.  The  energy  output 
related  for  this  configuration  is  5,996  kWh/m2. 
Therefore  the  values  for  the  internal  rotor  are:  A2  =  2, 
z2=7  with  an  energy  output  of  5,685  kWh/m2. 

Once  the  value  of  Cp  is  known,  regarding  to  the  best 
configuration  above  calculated,  it  is  possible  to  draw 
the  power  curves  by  changing  the  position  angle  /?. 

Fig.  14  shows  the  power  curves  of  the  two  rotors 
(internal  and  external)  by  considering  an  overall 
turbine  dimension  of  12  m.  The  area  of  each  rotor  is 
calculated  by  estimating  the  intermediate  and  internal 
diameter  according  to  Eqs.  (19)  and  (21). 

In  this  last  figure  it  is  possible  to  see  that  the 
maximum  value,  corresponding  to  a  power  of  430  kW, 
is  obtained  for  a  /?  equal  to  11°.  The  optimal  value  of 
P  allows  to  calculate  the  diameter  ratio  r,  and  then  the 
internal  diameter  Dt  and  the  value  of  each  disc  area. 
Table  1  reports  the  main  parameters  related  to  the 
turbine  focused  in  this  work. 

The  plant  to  be  installed  with  the  parameters  above 
is  able  to  produce  464,000  kWh/year  with  an 
economical  revenue  of  150,000  €/year.  By  considering 
an  initial  investment  of  700,000  €  the  payback  time  is 
equal  to  5  years. 
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Energy  level  curves 
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Fig.  13   Contour  plot. 


Double  rotor  turbine  power  curves 
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Fig.  14  Power  curves. 
Table  1   Design  parameters. 


parameter 

Symbol 

Value 

External  diameter 

De 

12.00  m 

Intermediate  diameter 

Dm 

9.73  m 

Internal  diameter 

D, 

6.63  m 

External  rotor  area 

Ae 

38.74  m2 

Internal  rotor  area 

A, 

39.83  m2 

External  rotor  tip  sped  ratio 

h 

2.5 

Internal  rotor  tip  speed  ratio 

h 

2 

External  rotor  number  of  blades 

Zl 

7 

Internal  rotor  number  of  blades 

7 

Position  angle 

P 

11° 

6.  Conclusions 

An  important  step  in  the  development  of  a  tidal 


kinetic  machine  prototype  has  been  achieved.  Unlike 
the  first  model  the  new  turbine  is  lighter,  easier  to 
operate  and  it  does  not  need  an  excessive  maintenance. 
The  operating  principle  is  the  same  as  the  previous 
configuration:  The  turbine  is  moored  to  the  shore  by  an 
extensible  steel  rope  and  it  can  reach  an  equilibrium 
condition  thanks  to  the  presence  of  a  central  deflector 
able  to  convert  all  the  forces  acting  on  the  turbine  into  a 
single  resultant  force  aligned  with  the  rope. 

The  implementation  of  the  two  rotors  is  an 
innovative  element  that  allows  equilibrium  in  the 
vertical  plane  by  counterbalancing  any  torsional  effect. 

In  addition,  the  built-in  permanent  magnet  generator 
eliminates  further  complexity.  This  way,  the  system 
becomes  simpler,  with  even  lower  environmental 
impact  and  fewer  economic  resources  for  its 
implementation  and  maintenance  required. 

Further  studies  will  be  carried  out  to  improve 
mechanical  features  such  as  bearings,  seals,  materials, 
connections  and  so  on. 

Anyway,  the  energetic  evaluation  relative  to  a  pilot 
plant  at  the  pier  of  Punta  Pezzo  (strait  of 
Messina — Italy)  does  not  substantially  change  referred 
to  the  one  carried  out  in  the  previous  works.  The 
energy  output  is  estimated  around  464,000  kWh/year 
with  annual  incomes  of  150,000  €  and  payback  time 
of  5  years. 
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Abstract:  The  available  electricity  generated  by  a  wind  power  generation  system  depends  on  mean  wind  speed,  standard  deviation  of 
wind  speed  and  the  location  of  installation.  Since  year-to-year  variation  on  annual  mean  wind  speed  is  hard  to  predict,  wind  speed 
variations  during  a  year  can  be  well  characterized  in  terms  of  a  probability  distribution  function,  as  well  Weibull  distribution  has  been 
one  of  the  most  commonly  used,  accepted  and  recommended  distribution  to  determine  wind  energy  potential.  In  this  study,  the  two 
Weibull  parameters  of  the  wind  speed  distribution  function  (the  shape  parameter  k  (dimensionless)  and  the  scale  parameter  c  (m/s)), 
were  computed  from  the  wind  speed  data  for  Algerian  east  coastal  regions,  recording  over  a  1 1 -year  period  (1995-2005).  It  was  found 
that  the  numerical  values  of  both  Weibull  parameters  (k  and  c)  vary  over  a  wide  range.  The  yearly  values  oik  range  from  1 .20  to  1 .94, 
while  those  of  c  are  in  the  range  from  4.31  to  1.94.  To  minimize  the  uncertainties  of  statistical  calculation,  a  spatial  representation 
indicating  distribution  and  occurrence  frequency  the  direction  from  which  the  wind  comes,  appears  a  very  primordial  step.  Over  the 
whole  valid  data  during  the  study  period,  the  compass  shows  that  there  is  no  dominant  direction  marked.  However,  we  can  identify  a 
preferred  wind  direction.  The  statistical  results  correspond  to  the  analysis  of  the  rose  compass. 

Key  words:  Wind  energy,  Weibull  parameters,  compass  rose,  statistical  analysis. 


1.  Introduction 

Renewable  energy  is  abundant  and  its  technologies 
are  well-established  to  provide  complete  security  of 
energy  supply.  It  is  now  evident  that  renewable  energy 
technologies  play  a  strategic  role  in  achieving  the  goals 
of  sustainable  economical  development  and 
environmental  protection.  With  winds  fairly  constant 
all  year  and  with  availability  of  large  amount  of  credit 
and  other  financial  incentives,  there  is  a  growing  trend 
for  new  wind  energy  installations  in  the  coastal  areas  of 
the  Algeria,  it  is  has  considerably  high  level  of 
renewable  energy  resources  that  can  be  a  part  of  the 
total  energy  network  in  the  country  [1]. 

In  practice,  it  is  very  important  to  describe  the 
variation  of  wind  speeds  for  optimizing  the  design  of 
the  systems  resulting  in  less  energy  generating  costs. 


Corresponding  author:  Abdelouaheb  Benretem,  professor, 
research  fields:  electromechanical  system  and  renewable 
energy.  E-mail:  benretem  a@yahoo.fr. 


To  attract  more  and  more  investors  to  install  new 
wind  farms,  conditions  are  created  for  a  large  scale 
source  of  renewable  electric  power  generation  in  the 
regions.  To  get  a  clear  assessment  of  the  wind  power 
potential  in  Algeria,  it  is  necessary  to  make  long 
meteorological  observations  in  the  area. 

However,  wind  as  a  source  of  energy  is  not  sufficient 
to  provide  continuous  electricity  because  even  in  the 
best  location  wind  is  variable.  If  there  is  no  wind 
blowing  no  energy  can  be  generated.  So,  the  amount  of 
power  that  can  be  harvested  from  the  wind  will  depend 
on  wind  frequency  and  wind  direction  (since  wind 
turbines  are  most  efficient  when  facing  into  the  wind). 

Among  such  observations,  the  wind  speed  is  an 
important  random  variable  which  affects  the  most 
accurate  results  on  the  energy  potential  of  the  site.  The 
wind  speed  in  a  given  period  may  be  represented  by  a 
probability  density  function.  In  recent  years,  the 
Weibull  distribution  has  been  one  of  the  most  widely 
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used  and  recommended  tool  to  determine  the  potential 
of  wind  energy.  Moreover,  it  is  used  as  a  benchmark  to 
estimate  the  wind  energy  commercially  viable. 

In  this  study,  the  methodology  that  we  implement  for 
the  calculation  of  wind  power  parameters  is  based  on 
the  study  of  meteorology  over  1 1  years  with  a  daily  rate. 
At  first  glance  weather  given  by  power  and  direction  of 
wind  "Alger  Airport"  has  a  good  coverage  of 
observations  over  the  territory,  the  regions  concerned 
in  this  study  is  named:  Annaba,  Skikda,  Jijel,  Chief  and 
Oran  are  situated  in  east  coast  of  Algeria.  In  order  to 
find  a  suitable  location  it  is  necessary  to  know  spatial 
distribution  of  wind.  For  this  reason  and  improved 
allocation  data,  frequencies  of  wind  direction  are 
presented  in  this  work  by  a  rose  compass. 

2.  Temporal  and  Spatial  Wind  Variation 

The  main  objective  of  the  wind  data  analysis  is  a 
clearer  knowledge  of  the  temporal  and  spatial  variation. 
Temporal  variation  includes: 

•  low  frequency  (annual  variations  and  seasonal, 
monthly); 

•  medium  frequency  (changes  daily  and  hourly); 

•  high  frequency  (changes  to  the  second  or  higher 
frequency  above  1  Hz)  typical  of  wind  turbulence. 

Spatial  variation:  mainly  the  vertical  variation  of  the 
field  and  wind  directions. 

3.  Temporal  Variability  and  Numerical 
Methods  for  Estimating  Weibull  Parameters 

The  wind  speed  is  a  random  variable  and  to 
determine  the  wind  potential  of  a  region  it  is  necessary 
to  use  statistical  analysis  [2-4]. 

This  requires  the  existence  of  time  series  records  of 
wind  speed.  Such  records  are  the  wind  data.  Based  on 
the  wind  speed  data  collected,  the  Weibull  distribution 
can  be  described  as  a  probability  density  function  and  a 
cumulative  distribution  function,  determined  by  the 
following  equations  [5,  6]: 


F(v)  =  joy(v)dv  =  l-exp 


exp 


(1) 


(2) 


where,  k  and  c  are  the  Weibull  parameters  and  v  is  the 
wind  speed,  the  k  values  range  from  1.5  to  3.0  for  most 
wind  conditions.  The  Rayleigh  distribution  is  a  special 
case  of  the  Weibull  distribution  in  which  the  shape 
parameters  are  2.0,  for  estimating  the  parameters  of 
Weibull  distribution  many  numerical  methods  are  used. 

3. 1  Graphical  Method 

The  graphical  method  is  achieved  through  the 
cumulative  distribution  function.  In  this  distribution 
method,  the  wind  speed  data  are  interpolated  by  a 
straight  line,  using  the  concept  of  least  squares,  the 
equation  for  this  method  can  be  represented  by  a 
double  logarithmic  transformation  [7]  as  follows: 

In  {-  In  [l  -  F  (v)]  }  =  k  In  (v)  -  k  In  (c)  (3) 

v  =  crfl  +  l]  (4) 

The  gamma  function  is: 

rix)  =  j^exp(-f)t^dt 

3.2  Maximum  Likelihood  Method 

The  maximum  likelihood  estimation  method  is 
difficult  to  solve,  since  numerical  iterations  are  needed 
to  determine  the  parameters  of  the  Weibull  distribution. 

In  this  method,  the  parameters  k  and  c  are 
determined  according  to  the  equations  below  [8,  9]: 


k  =  n 


i:=iv>(v,) 


z; 


c  = 


k 


i=l 


(5) 


(6) 


where,  n  is  the  number  of  observations  performed  and 
Vt  is  the  wind  speed  measured  at  the  interval  i. 

3.3  Moment  Method 

The  moment  method  can  be  used  as  an  alternative  to 
the  maximum  likelihood  method  [10]  and,  in  this  case, 
the  parameters  k  and  c  are  determined  by  the  following 
equations: 


Assessment  of  the  Wind  Field  in  the  East  Coast  Algerian  Regions  for  the  Installation  of  Wind  Farms  489 


c  =  v/r 


1  + 


rii  +  ll-Wi+  1 


(7) 
(8) 

k )  V  k 
where,  v  and  §  are  the  mean  wind  speed  and  the 
standard  deviation  of  the  observed  data  of  the  wind 
speed,  respectively. 

3.3  Empirical  Method 

The  empirical  method  is  considered  a  special  case  of 
the  moment  method,  where  the  Weibull  parameters  k 
and  c  are  given  by  the  equations  shown  below  [11]: 


/      n -1,086 

'  a  ^ 


\y) 


(9) 


The  scale  parameter  c  is  given  by  Eq.  (7). 
4.  Spatial  Variability 

4. 1  Vertical  Wind  Speed  Variation 

Very  often,  measuring  wind  speeds  is  taken  at  a 
different  height  at  which  wind  turbines  are  installed.  It 
is  therefore  necessary  to  determine  a  relationship 
between  wind  speeds  varying  heights,  the  formula 
expressing  the  speed  gradient  is  logarithmic  but 
normally  approached  by  a  potential  form: 


V2  =  V, 


(  \ 


(10) 


The  wind  profile  indicates  the  average  wind  speed 
based  on  the  height  Z2  above  the  ground,  v;  is  the 
reference  speed  at  the  height  Zu  and  a  is  the  empirical 
parameter  of  the  law  potential.  This  parameter  varies 
on  the  same  site  1/7  during  days  and  1/2  during  the 
night,  it  takes  the  value  of  0.2  according  to  IEC  2005 
61400-1  [12]. 

4.2  Wind  Direction 

Wind  roses  are  circular  and  graphical  displays  of 
wind  speed,  direction  and  frequency  based  on  a  simple 
compass  rose.  Wind  direction  is  shown  by  the  length  of 
a  line  representing  a  number  of  wind  collection  events. 

The  length  of  the  line  from  the  outer  circle  to  the 


center  of  the  rose  shows  the  percentage  of  total  wind 
measurements  where  the  wind  blows  from  that 
compass  direction-incorporating  both  frequency  and 
direction  data.  Wind  speeds  are  shown  using  a  number 
of  different  techniques. 

Indeed,  during  the  wind  turbines  installation  on  a  site, 
it  is  necessary  to  know  where  the  principal  directions  of 
the  wind  is  in  order  to  limit  the  negative  interaction 
between  several  wind  and  obstacles.  Therefore,  the 
wind  roses  give  more  information. 

5.  Topography 

The  topographic  study  over  the  years  "1995-2005" 
has  given  practical  information  on  meteorological 
conditions  and  specific  wind  condition  of  various  cities 
of  Algeria;  we  are  interested  only  in  this  work  on 
Algerian  east  coast  regions  such  as  "Annaba,  Skikda, 
Jijel,  Alger,  Chief,  and  Oran". 

6.  Results  and  Discussion 

6. 1  Parameters  Weibull  Results 

Figs.  1-6  show  the  Weilbull  distribution,  described 
by  its  probability  function,  versus  the  mean  wind  speed, 
for  data  collected  on  an  annual  basis  from  1995  to  2005, 
for  the  cities  of  East  Cost  of  Algeria,  based  on 
parameters  calculated  using  the  Weibull  methods 
presented  in  previous  section. 

The  annual  parameters  Weibull  k  and  c  as  well  as  the 
standard  deviation  data  observed  in  the  all  cities  over 
1 1  years  are  shown  in  Table  1 . 

Furthermore,  from  Figs.  1-6  it  is  possible  to  verify 
how  the  curves  representing  the  yearly  Weibull 
probability  density  function,  for  each  of  the  six  cities 
"Annaba,  Skikda,  Jijel,  Alger,  Chief,  and  Oran"  along 
10  years  :1995to2005. 

The  probability  density  distribution  shape  develops 
the  real  data  set  around  the  average  speed  for  small 
values  of  shape  factor  k,  the  Weilbull  distribution  is 
wide  curve.  However,  for  high  values  of  shape  factor  k 
the  data  distribution  is  very  narrow,  and  beyond  k  =  3 
the  distribution  obeys  a  normal  law. 
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Fig.  1   The  Weibull  probability  density  of  Annaba. 
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Fig.  4   The  Weibull  probability  density  of  Algiers. 
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Fig.  5    The  Weibull  probability  density  of  Chief. 
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Table  1    The  coefficients  values  k  and  c. 


Regions 

Annaba 

Skikda 

Jijel 

Algiers 

Chief 

Oran 

k 

Q 

k 

Q 

k 

k 

k 

A; 

Q 

100S 
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3.91 
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2  08 

1.41 
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4.25 
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Generally  the  average  wind  speed  is  between  1.5  to 
4  m/s  for  all  the  regions  studied. 

The  average  Weibull  parameters  estimation  for  11 
years  (1995  to  2005),  the  shape  factor  in  this  case 
varies  between  1  and  2.  This  is  why  there  is  a  little  wide 
distribution  data  around  the  average  wind  speed,  which 
is  between  1  m/s  and  3.5  m/s. 

6. 1  Wind  Compass  Results 

To  improve  knowledge  idea  of  the  wind  speed 
distribution  and  directions,  rose  compasses  were 
studied  from  meteorological  data  to  the  six  regions 
mentioned  previously. 

The  compass  rose  of  Annaba  region  (Fig.  7)  shows 
that  wind  directions  are  distributed  on  almost  similarity 
in  all  regions  and  with  equal  percentages  (Fig.  8), 
however  the  wind  almost  neglected  in  the  direction 
north-west  and  south-east,  with  a  calm  wind  20.3%  in 
the  south-south. 

The  winds  have  the  most  frequent  wind  speed 
between  1  m/s  and  6  m/s  (55.  3%  Occurrences),  but 
these  winds  are  30%  of  the  south  side. 

The  annual  compass  rose  of  the  Skikda  region  (Fig. 
9)  in  the  period  (1990-2007)  shows  the  prevailing  wind 
direction  is  south-south  and  the  second  dominant 
direction  is  north-south,  while  other  directions  are 
neglected.  All  directions  have  a  low  speed  varied 
between  1  m/s  and  6  m/s.  With  higher  wind  speed,  they 


Fig.  7   Annaba  compass 
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Fig.  8   Annaba  wind  class  frequency  distribution. 

have  a  very  low  rate  of  occurrence  (Fig.  10). 

Figs.  1 1  and  12  show  the  compass  rose  speed  and  the 
percentage  classes  in  the  Jijel  region.  It  was  found  that: 
•  The  winds  are  the  most  frequent  wind  speed  equal 
to  1  m/s  and  6  m/s  (40.  3%  of  occurrences)  and  between 
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Fig.  9   Skikda  compass  rose. 
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Fig.  11   Jijel  compass  rose. 
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Fig.  12   Jijel  wind  class  frequency  distribution. 


6  m/s  and  11  m/s  (17.5%  of  the  occurrences),  these 
winds  are  from  the  north-west; 

•  The  calm  winds  have  a  percentage  of  40.9%  in  all 
directions; 

•  Strong  winds  (speed  exceeding  1 6  m/s)  were  not 
observed  during  this  period. 

Figs.  13  and  14  show  the  compass  rose  speed  and  the 
percentage  classes  in  Alger  region.  It  was  found  that: 

The  winds  are  the  most  frequent  wind  speed  equal  to 
1  m/s  and  6  m/s  (40.  3%  of  occurrences)  and  between  6 
and  11  m/s  (17.5%  of  the  occurrences).  These  winds 
are  mostly  from  the  south-west. 

•  The  calm  winds  have  a  percentage  of  40.9%  in  all 
directions; 

•  Strong  winds  (speed  exceeding  1 6  m/s)  were  not 
observed  during  this  period. 

The  both  histograms  of  wind  class  frequency 
distribution  (of  Jijel  and  Algiers)  have  the  same 
distribution. 
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Fig.  13   Algiers  compass  rose. 
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Fig.  14   Algiers  wind  class  frequency  distribution. 
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Fig.  15    Chief  compass  rose. 
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Fig.  16    Chief  wind  class  frequency  distribution. 
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Fig.  17   Oran  wind  compass. 
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Fig.  18   Oran  wind  class  frequency  distribution. 


Figs.  1 5  and  1 6  show  the  compass  rose  speed  and  the 
percentage  classes  in  Chief  region,  we  find  that: 

The  winds  are  still  the  most  frequent  wind  speed 
equal  to  1  m/s  and  6  m/s  (53.8%  of  occurrences) 
between  6  m/s  and  1 1  m/s  (13.8%  of  occurrences)  and 
they  are  almost  in  all  directions. 

•  The  weak  winds  (speed  less  than  1  m/s)  have  no 
preferred  direction; 

•  High  winds  (speed  exceeding  1 6  m/s)  represent 
0.6%  of  the  data  and  come,  mostly  from  west  and 
south-west. 

Figs.  17  and  18  show  the  compass  wind  speed  and 
the  percentage  classes  in  Oran  region,  we  find  that: 

The  winds  are  always  the  most  frequent  wind  speed 
equal  to  1  m/s  to  6  m/s  (55.7%  of  occurrences)  between 
6  m/s  and  1 1  m/s  (25. 1%).  These  winds  are  mostly  from 
all  directions  and  northern  west  for  wind  between  6  and 
11  m/s. 

•  The  feeble  winds  (speed  less  than  1  m/s)  have  no 
preferred  direction; 

•  High  winds  (speed  exceeding  1 6  m/s)  represent  3% 
of  the  data  and  come  mostly  in  the  south. 

7.  Conclusions 

This  work  focuses  on  the  estimation  of  wind  power 
in  east  coastal  region  of  Algerian  which  must  drive  the 
development  of  wind  power  in  Algeria.  The  research 
consists  of  the  study  of  a  phase  prior  to  providing 
effective  assistance  to  all  those  who  have  to  make 
decisions  about  the  planning  and  implementation  of 
projects  wind  power.  In  this  perspective,  we  began  by 
determining  various  parameters  related  to  the  wind, 
such  as  the  mathematical  modeling  of  the  frequency 
distribution  of  wind,  Weibull  distribution,  treatment 
simulation  and  real  data  collected  on  the  wind  over  10 
years  to  size  a  wind  farm  on  a  cities.  It  has  estimated 
wind  power  potential,  meanwhile  relying  on  the 
automatic  detennination  of  the  direction  of  the  wind 
sites  in  study  subjects. 

The  measured  parameter  using  the  rose  compass  are 
very  close  to  approximation  of  the  parameter  obtained 


494     Assessment  of  the  Wind  Field  in  the  East  Coast  Algerian  Regions  for  the  Installation  of  Wind  Farms 


by  mathematical  modeling  of  Weibull  distribution, 
which  validates  our  study. 
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Abstract:  The  seasonal  heat  storage  tank  is  the  most  important  component  of  the  SDH  (solar  district  heating)  system,  which  allows 
significant  increase  in  the  share  of  solar  energy  in  heat  supply  in  comparison  with  conventional  solar  systems  with  short-term 
accumulation  of  heat.  The  adverse  impact  of  their  investment  sophistication  on  competitiveness  may  be  compensated  by  the  increased 
use.  For  example:  Cooperation  with  heat  pump  allows  to  increase  the  accumulation  capacity  of  the  seasonal  heat  storage  tank  and 
causes  the  direct  use  of  heating  energy  and  accumulation  of  cooling  energy  produced  by  heat  pump.  In  the  final  stage  of  the  heating 
period,  it  can  be  used  to  remote  cooling  supplied  buildings.  Experimentation  on  mathematical  model  is  possible  to  obtain  valuable 
insights  about  the  dynamics  of  the  processes  of  charging  and  discharging  in  the  seasonal  storage  tank  and  subsequently  used  in  the 
design,  implementation  and  operation. 


Key  words:  One  seasonal  heat  storage,  temperature  stratification. 

1.  Introduction 

The  major  part  of  the  materials  originating  from  not 
renewable  natural  resources  (i.e.,  metal,  building 
materials,  etc.)  can  be  recycled  after  the  use.  Contrarily 
to  that,  the  fossil  energy  sources  cause  environment 
pollution  after  utilisation  besides  the  accelerated 
decrease  of  the  reserve  of  the  earth.  Consequently  the 
rational  use  of  fossil  energy  sources  is  one  of  the  basic 
conditions  of  the  sustainable  development,  however, 
sustainability  of  energy  supply  is  very  limited  also  in 
the  case  of  the  most  economic  utilisation.  The  gas  and 
oil  resources  will  be  depleted  in  this  century  according 
to  most  of  the  scenarios.  There  are  also  more  optimistic 
scenarios  available  but  the  fact  cannot  be  changed:  the 
mankind  has  to  face  the  very  inconvenient  fact  of  the 
depletion  of  fossil  energy  resources.  The  replacement 
of  the  fossil  renewable  energy  sources  cannot  happen 
from  one  day  to  the  other.  This  is  a  long  process 
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through  decades.  We  are  now  in  the  initiative  phase 
where  renewable  energy  sources — like  the  forms  of 
solar  energy  and  geothermal  energy  give  alternative 
solutions. 

2.  The  Solar  District  Heating  System  with 
Seasonal  Heat  Storage 

The  environmental  load  caused  by  the  primer-energy 
consumption  in  the  building's  heat  supply  is  the  lowest 
by  using  solar  energy  or  geothermal  energy.  Slovakia 
has  high  geothermal  potential  eligible  for  heat  supply 
of  buildings,  however,  for  that  purpose  it  is  used  only 
in  a  small  scale.  The  interest  for  utilizing  of  that  heat  is 
always  growing  especially  because  of  the  gas  crises; 
however,  only  in  some  region  it  can  be  taken  into 
account  as  a  realistic  approach. 

The  solar  energy  can  be  used  everywhere  in  smaller 
or  bigger  scale  and  in  an  unlimited  time  scale  because 
the  hourly  incoming  solar  radiation  to  the  earth  is  more 
than  the  annual  energy  demand  for  more  than  4  milliard 
years.  The  supply  covered  only  by  solar  energy  is 
theoretically  possible  and  practically  can  be  realized  but 
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it  has  high  investment  cost.  The  research  of  the 
possibilities  of  the  effective  heat  supply  based  on  the 
combination  of  solar  energy  and  biomass  is  very 
important.  Principally  all  of  them  are  solar  energy  as  the 
biomass  is  also  solar  energy  stored  in  a  chemical  form. 

The  active  use  of  solar  energy  is  mostly  about 
producing  DHW  (domestic  hot  water)  or  water  heating 
for  swimming  pools.  Only  about  1 5%  of  the  yearly  heat 
consumption  can  be  covered  by  solar  energy  in  such 
systems.  The  heat  demand  is  the  higher  in  winter  when 
the  heat  produced  by  solar  energy  is  the  lowest,  and  the 
proportions  are  the  opposite  for  summer.  The  support 
of  space  heating  from  solar  energy  is  also  very  limited 
in  time — just  in  the  very  short  time  in  the  beginning  of 
the  spring  and  autumn  period — also  in  the  dedicated 
systems  if  the  solar  heat  can  be  stored  only  for  short 
time  for  several  days.  In  these  systems  only  about  30% 
of  the  yearly  heat  demand  can  be  covered.  This 
proportion  can  be  extended  with  a  consequent 
system-planning,  however,  the  real  development  is  the 
seasonal  storage. 

In  the  SDH  (solar  district  heating)  systems  based  on 
a  seasonal  storage  the  proportion  of  the  utilised  solar 
energy  can  reach  40%-70%.  These  systems  are  in  the 
initial  phase  of  the  research  and  development  but  good 
experiences  from  more  demonstration  projects  are 
already  available.  These  projects  have  been  realised 
mainly  in  Germany,  in  Denmark  and  in  Sweden  [1-6]. 
The  scheme  of  the  system  is  illustrated  in  Fig.  1 .  with 
the  main  parameters  of  the  Friedrich  shafen  project  in 
Gennany. 


The  useful  heat  energy  is  produced  from  the  solar 
energy  in  the  solar  collectors.  This  heat  energy 
captured  in  antifreeze  liquid  is  transported  through 
pumps  and  heat  exchanger  in  a  seasonal  heat  storage 
tank  in  the  summer  period.  In  the  heating  period  in 
winter,  the  heat  consuming  equipments  of  the  building 
are  supported  with  the  heated  water  from  the  storage 
tank  through  heat  exchanger  and  pumps.  The  system 
normally  is  extended  with  a  fossil  fuel  boiler. 

The  aim  of  the  seasonal  accumulation  is  to  place  the 
heat  from  the  solar  collectors  by  solar  thermal 
conversions  in  the  period  with  a  maximum  intensity  of 
sunlight  and  minimal  need  of  heat  in  the  supply  of  a 
building  or  group  of  buildings  in  the  period  with  a 
minimum  intensity  of  solar  radiation  and  the  maximum 
heat  demand. 

The  most  important  feature  of  the  seasonal  storage 
tanks  is  the  ability  to  keep  the  heat  in  the  storage  tanks 
as  long  as  possible  and  with  minimum  heat  losses  to  the 
surroundings.  Over  time,  they  have  developed  various 
new  technologies  and  materials  used  for  the 
construction  of  seasonal  storage  tanks.  Gradually,  the 
demands  have  increased  on  their  properties,  durability 
and  construction  technology,  too. 
Technologies  of  heat  accumulation  are  the  subject  of 
intensive  research  and  development  in  many  renowned 
research  institutes  and  universities.  Nevertheless, 
currently  the  best  solution  seems  to  be  the  easiest, 
namely  accumulation  in  water,  which  is  the  cheapest  of 
the  working  substances  and  has  the  largest  specific 
thermal  capacity. 


Heating  plant 


5600  sq.m.  collector  field 


Heating  network 

12  000  cu. m.  seasonal 

heat  storage  tank  Collector  network 


Fig.  1   The  principle  of  the  solar  district  heating  system  based  on  the  seasonal  heat  storage  [3]. 
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The  heat  from  the  storage  tank  can  be  used  directly 
for  heating  up  to  temperature  around  35  °C,  according 
to  the  return  water  temperature  from  the  consumer 
system.  For  existing  systems  it  generally  takes  no  more 
than  3-4  months.  In  the  rest  of  the  heating  period  it  can 
significantly  cool  down  by  heat  loss  to  surroundings. 
An  innovative  measure  can  be  based  on  the 
replacement  of  spontaneous  cooling  of  the  storage  tank 
by  forced  cooling  with  heat  pump.  The  storage  tank 
will  discharge  at  the  temperature  of  5-10  °C  at  the  end 
of  the  heating  period,  while  the  heat  power  is  used  for 
heating  support. 

Such  integration  of  heat  pump  to  the  system  allows 
increasing  the  capacity  of  the  storage  tank  and  its 
transformation  on  a  seasonal  storage  tank  of  cold. 
Finally,  the  SDH  system  can  become  SDH/C  system 
(solar  district  heating/cooling). 

Such  use  of  the  seasonal  storage  tank  puts  increased 
demands  on  the  quality  of  the  preparation  and 
implementation  of  the  project  of  the  entire  system  in 
comparison  with  the  standard,  thermal  properties  of  the 
construction  materials  used  in  the  construction  and 
application  to  structures. 

The  use  of  the  seasonal  storage  tanks  is  not  yet 
known.  We  do  not  have  experiences  with  them,  which 
could  be  used  in  the  preparation,  implementation  and 
operation.  The  results  of  temperature  stratification 
measurements  in  water  were  published  with  default 
used  seasonal  storage  tank  [5,  6].  Knowledge  would  be 
necessary  to  experiment  with  the  physical  model  of  the 
storage  tank.  The  experiment  would  be  financially 
difficult  as  well  as  time  consuming.  Therefore,  it  is 
advisable  to  use  the  method  of  mathematical  modeling 
instead  of  physical  modeling. 

3.  The  Mathematical  Description  of 
Temperature  Stratification  in  the  Heat 
Storage  Tank 

Among  the  most  important  steps  in  the  development 
of  a  mathematical  model  stands  the  mathematical 
description    of   the    stratification    of   the  water 


temperature  when  the  seasonal  reservoir  is  charging  or 

discharging.  A  simplified  solution  is  mentioned  [7]  for 

a  short-term  accumulation  of  solar  heat  into  the  water. 

In  such  storage  tank  the  pressured  water  fills  its  whole 

volume.  Seasonal  storage  tanks  are  built  principally  as 

pressureless,  thus  with  the  free  surface  over  which  the 

air  layer  is  associated  with  the  atmosphere.  This  fact 

and  the  partial  failure  provide  the  relation  with 

thermodynamic  essence  of  processes  and  limit  the 

possibility  of  extrapolating  the  results  of  [7]  for  our 

case.  Therefore,  the  development  of  the  mathematical 

description  of  temperature  stratification  in  a  seasonal 

storage  tank  was  necessary.  We  assume  temperature 

stratification  of  water  in  the  pressureless  seasonal 

storage  tank  according  to  Fig.  2. 

The  modeling  of  the  time  evolution  temperature  in 

different  layers  of  the  water  filling  in  the  storage  tank 

can  be  used  to  the  I.  law  of  thermodynamics  which  can 

be   expressed   by   general   balance   Eq.    (1)  for 

non-stationary  process  in  an  open  thermodynamic 

system  [8]: 

dE  v1  v2 

—  =  Q  +  P  +  2>„, (h  +  V—  +  gz),.„  -  2>™«(*  +  V—  +  gz)oul  ( 1 ) 

in  ^  out 

where, 

E  —total  energy  of  the  system,  (J); 
Q — heat  flow  transferred  across  the  borders  of  the 
system,  (W); 

P  — mechanical  interaction  between  system  and 
surrounding,  (W); 

mia — substance  flow  incoming  to  the  system,  (kg/s); 

mou,  — substance  flow  outgoing  from  the  system, 
(kg/s); 

K,  I  Km  — specific  enthalpy  of  incoming/outgoing 
substance  flow,  (J/kg); 

y    / 1  ~2~       — specific    kinetic     energy  of 

incoming/outgoing  substance  flow,  (J/kg); 

(g-z),J(g-z\u,  — specific  potential  energy  of 
incoming/outgoing  substance  flow,  (J/kg). 

Any  z'-th  layer  of  water  in  the  storage  tank  can  be 
considered  as  an  open  thermodynamic  system,  which 
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Fig.  2  Calculation  scheme  of  the  seasonal  heat  storage  tank. 

can  be  applied  to  this  balance  equation.  Mechanical 
interaction  between  this  system  and  its  surrounding 
does  not  exist,  so  P  =  0. 

The  individual  forms  of  mechanical  energy  system, 
the  kinetic  and  potential  energy,  respectively  their 
changes  compared  with  the  internal  energy  can  be 
ignored: 

dE  =  dU  =  m  ■  cv  ■  dT 
Balance  Eq.  (1)  can  be  expressed  in  the  form: 


and  this  also  spreads  over  the  cross  section  Aq.  Other 
layers  2  to  N  -  1  have  input  and  output  of  substance 
flows  distributed  only  cross-section. 

The  thermal  interaction  of  the  system  with  the 
surrounding  is  manifested  by  heat  loss  into  the 
surrounding  through  the  walls  of  the  storage  tank  and 
by  conductive  heat  transfer  between  the  layers.  Balance 
Eq.  (2)  of  any  z'-th  layer  can  be  expressed  in  the  form: 

dT>    -  (3) 


dt 


m-c^d^-  =  Q  +  Y^{m-h)in-YJ{m-h)m 

"*  in  nut 


(2) 


The  specific  enthalpy  of  water  depends  on 
temperature: 

h  =  cp-T 

Specific  heat  capacity  at  constant  volume  cv  and 
constant  pressure  cp  are  the  same. 

£  =  £,=  £„ 

The  distribution  of  water  volume  in  storage  tank  to 
N  effective  layers  applies  to  all  layers  of  the  same 
mass  balance  in  the  form: 

X<=2X„,  =«z+/ns 

in  out 

Substance  flow  is  incoming  and  outgoing  to  layers 
1  and  TV  through  the  supply  and  sampling  equipments 


where, 

m, — water  mass  in  the  z'-th  layer  (kg/s); 

Ti — water  temperature  in  the  z'-th  layer,  (K); 

t —  time,  (s); 

Qhflowj — the  thermal  interaction  of  z'-th  layer  with 
surrounding  and  near  layers  through  the  heat  flow 
(inlet  eventually  outlet  of  heat  in  time  unit),  (W); 

— the  thermal  interaction  of  z'-th  layer  with 
surrounding  and  near  layers  through  the  mass  flow 
(inlet  eventually  outlet  of  heat  in  time  unit),  (W). 

Eq.  (3)  can  be  arranged  by  expressing  6^w,(  and 
Qmjiowj  according  to  the  laws  of  thermodynamics  into  a 
form: 
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The  first  term  on  the  right  side  of  the  Eq.  (4) 
represents  the  thermal  interaction  between  the  z'-th 
layer  and  the  surrounding  layers  by  means  of 
conductive  heat  flow,  where: 

Kf — effective  heat  conductivity  coefficient  of  the 
water  or  accumulation  fluid  respectively,  (W/mK); 
z — water  layer  height,  (m); 

(AT^),  =Tt  -!)_,  if/=l 

(&Tco„d),=Ti_1+TM-2.Ti  if 1 

The  second  term  on  the  right  side  of  the  Eq.  (4) 
represents  the  heat  transfer  from  the  z'-th  layer  to  the 
surroundings.  Unlike  in  the  case  of  the  first  term,  this 
one  expresses  the  heat  loss  from  the  respective  layer 
per  time  unit,  where: 

{U-A\ — 'Especific  heat  loss  to  the  surroundings  per 
time  unit  (W/K); 

U  — heat  transfer  coefficient  of  the  heat  storage 
tank's  wall,  (W/(m2.K)); 

A — heat  storage  wall  surface  through  which  heat 
flows  from  the  i-th  layer  to  the  surroundings  (m2); 

T0 — surrounding  temperature,  (K). 

In  case  of  a  simplified  first  approach,  the 
surrounding  temperature  is  considered  to  be  constant  in 
time  and  place,  the  heat  transfer  coefficient  U  can  be 
looped  upon  as  constant  and  then  (U  ■  A),  shall  only  be 
a  function  of  the  surface  A  through  which  the  heat  is 
transferred  to  the  surroundings.  The  surface  can  have 
different  values  for  i  =  \,i  =  2^N and  i=N+  1 . 

The  third  term  on  the  right  side  of  the  Eq.  (4) 
represents  the  heat  transferred  to  the  z'-th  layer  by 
means  of  charging  mass  flow  rate  mz  ■  The  change  of 

the  temperature  of  the  charging  mass  flow  rate  at  the 
inlet  and  outlet  is: 

&Tchar  =  Tt_,  -  TM  if/^1 
The  fourth  term  on  the  right  side  of  the  Eq.  (4) 
represents  the  heat  that  is  taken  away  from  the  z'-th 
layer  by  means  of  discharging  mass  flow  rate  ms .  The 
temperature  change  of  the  discharging  mass  flow  rate 
>hs  between  the  inlet  and  outlet  is: 

ATJcHar=T,.l-TSl    if  i=N 


^Tdchar  =  TiA-TM  if  j  =2  +N—  1 
^Tdchar  =  Tt-TM  if /=  1 

Applying  the  Eq.  (4)  for  each  of  the  surfaces  enables 
us  to  simulate  the  temperature  stratification  of  the 
seasonal  heat  storage  in  time  during: 

•  the  charging  process,  when  m  z^0,  m  s  =  0; 

•  the  discharging  process,  when  m  s  ^  0,  m  z=  0; 

•  simultaneous  charging  and  discharging,  when 

4.  Seasonal  Hat  Storage  Tank  Charging  and 
Discharging  Simulation 

In  order  to  identify  the  water  temperature 
stratification  of  the  seasonal  heat  storage  in  time,  a 
solution  needs  to  be  found  to  the  simple  differential  Eq. 
(4),  for  instance  by  means  of  differential  method  for  all 
of  the  layers  by  time  step  &t  =  tJ+1  -t}  _  xhe  temperature 
in  the  z'-th  layer  in  time  fy+i  shall  be: 

7]J+1=7;„+(A7;)A(  (5) 

where, 

Tjj — water  temperature  in  the  z'-th  layer  in  time  tfi 
(ATi)At — change  in  water  temperature  in  the  i-th 

surface  in  time  interval  At. 

By  taking  the  Eqs.  (4)  and  (5)  into  consideration,  for 

the  water  temperature  in  any  z'-th  layer  in  time  tj+i 

follows: 

Tu«  =  T; +— K  —  <AT^l  -Ta)+mz.cWclJ,  -m,.c.(ATMJ,] 

mrc  z 

(6) 

The  first  functional  version  of  the  simulation 
software  on  the  water  stratification  in  a  seasonal  heat 
storage  in  time  according  to  the  Eq.  (6)  and  agreed 
simplifications  was  carried  out  in  MATLAB.  Some  of 
the  graphic  outputs  of  the  charging  and  discharging 
process  simulation  are  shown  in  Figs.  3  and  4. 

5.  Perspectives  of  the  Simulation  Software 
Improvement 

The  first  functional  version  of  the  simulation 
software  represents  the  output  of  the  first  stage  of  a 
research  project  carried  out  at  the  Technical  University 
of  Kosice.  It  can  be  further  improved  by: 
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Fig.  3   Graphical  output  of  the  heat  storage  charging  (a)  after  10  days,  (b)  after  20  days. 


Fig.  3    Graphical  output  of  the  heat  storage  discharging  (a)  after  10  days,  (b)  after  20  days. 


•  taking  the  dependency  of  the  surrouding 
temperature  and/or  charging  and  discharging  mass 
flow  rate  on  time  and/or  weather  conditions  into 
account; 

•  taking  into  account  the  temperature  dependency 
of  the  water  density,  i.e.,  adjusting  the  water  mass  in 
each  of  the  layers  or  adjusting  the  water  volume  by 
keeping  the  mass  constant; 

•  taking  into  account  the  possibility  of  the  charging 
and/or  discharging  mass  flow  through  the  stratification 
tube  directly  into  the  layer  of  identical  temperature; 

•  innovating  the  algorithm  for  automatic  correction 
of  time  step  in  order  to  speed  up  or  slow  down  the 
simulation  in  case  it  is  justified  in  case  of  minor 
temperature  changes; 

•  innovating  the  algorithm  in  order  to  increase  the 
clearness  of  the  graphical  output  by  means  of  result 
saving  only  in  case  of  rather  major  temperature 
changes; 

•  innovating  the  algorithm  in  order  to  extend  its 
applicability  for  simulating  the  time  dependency  of  the 
energy  balance  of  the  heat  storage; 


•  verification  of  the  mathematical  model  results  on 
a  physical  model  of  the  heat  storage  tank,  whose 
build-up  has  already  started  at  the  Technical  University 
of  Kosice. 

6.  Conclusions 

The  described  concept  of  a  mathematical  model  is  a 
simplified  description  of  complex  processes,  which 
take  place  during  the  charging  and  discharging  of  the 
seasonal  heat  storage  tank.  This  is  the  first 
approximation  of  the  solution.  After  the  development 
of  computer  implementation  to  simulate  of  the 
dynamics  processes  it  will  be  possible  to  apply  the 
obtained  results  in  practice. 
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Abstract:  Biomass  energy  conversion  can  be  done  in  several  ways-combustion,  gasification,  pyrolysis  or  anaerobic  fermentation 
(biogas  production).  Each  of  these  technologies  has  certain  advantages  and  disadvantages  from  the  point  of  view  of  energy  generation 
for  final  consumption.  In  parallel,  each  of  them  has  certain  environmental  impact  in  terms  of  emissions.  The  proposed  EU  directive 
prefers  utilization  of  primary  energy  sources  by  application  of  highly  efficient  co-generation.  Such  change  in  assessment  of  energy 
effectiveness  also  means  a  completely  new  approach  in  assessment  of  current  technologies.  This  report  presents  a  guide  for 
optimization  of  biomass  energy  conversion  technologies  assuming  application  of  this  new  condition  and  minimal  environmental 
impact.  Specific  values  of  emissions  from  particular  technologies  are  used  for  the  evaluation. 

Key  words:  Road  map  2050,  biomass  energy  utilization,  directive  of  energy  efficiency,  power  heat  ratio,  indirect  dryer. 


List  of  Symbols 


E 

Qd 

E 


Fuel  savings 

Annual  electricity  production 
Annual  production  of  useful  heat 
Power/heat  ratio 
Relative  fuel  saving 

Annual  fuel  consumption  for  separate  production  of 
power  and  heat 

r\E  Default  condensing  electricity  production  efficiency 

nv  Heat  production  efficiency  according  to  national 

standards 

rjT  Gross  efficiency  of  the  cogeneration  source 

1.  Introduction 

Biomass  with  high  moisture  content  is  the  most 
common  type  of  biomass  available  for  energy 
conversion  purposes,  including  wooden  chips  from 
forestry,  bark  and  sawdust  from  non-dried  wood  from 
wood  processing  industry  and  pulp  and  paper 
production.   Study  of  available  sources  regarding 
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utilization  of  such  kinds  of  biomass  for  effective  CHP 
(combine  heat  and  power)  production  shown  that  the 
work  is  focused  mostly  on  pyrolysis  and  gasification 
processes.  These  processes  allow  production  of  higher 
share  of  electricity  in  relation  to  heat  production.  This 
solution  is  economically  feasible  for  large  scale 
applications.  However,  in  distributed  energy  systems  is 
used  either  biomass  drying  by  air  or  by  flue  gas.  Both 
approaches  result  either  in  lower  efficiency  of  the 
combustion  system  (water  vapor  increases  stack  loss) 
or  in  decrease  of  electricity  share  and  increase  of  heat 
in  CHP  production. 

2.  Change  of  Energy  Policy 

In  November,  2012  a  new  version  of  the  Energy 
Efficiency  Directive  (2012/27/EU)  [1]  was  published. 
This  directive  is  one  of  the  basic  tools  of  the  European 
energetics,  which  should  enable  to  fulfill  Union's 
ambitious  targets  on  energetic  efficiency,  included  in 
the  road  map  2050  [2].  From  the  wide  range  of 
milestones  of  the  Road  map  2050,  we  consider  the 
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following  two  ones  to  be  the  most  important  for  the 
energetic  policy  and  strategy: 

•  emission  CO2  decrease  by  about  85%  to  90% 
compared  to  year  1990; 

•  primary  energy  resources  exploitation  decrease  by 
about  380  Mtoe  compared  to  year  2005  (peak  of 
consumption); 

The  second  predicted  goal  is  shown  in  Fig.  1  [2], 
which  describes  assumed  development  of  savings  of 
primary  energy  resources  in  the  EU. 

To  reach  this  target  it  is  of  course  necessary  to  start 
the  change  of  energetic  policy  immediately. 

The  essence  of  the  intent  is  the  change  of  the  energy 
savings  policy  from  reduction  of  the  final  gross  energy 
consumption  to  savings  of  the  primary  energy 
resources.  The  new  energetic  policy,  also  included  in 
targets  of  the  "Horizon  2020",  is  also  expressed 
through  the  particular  targets  of  the  primary  energy 
resources  savings  in  the  explanatory  report  of  the  new 
directive,  where  it  is  compared  to  the  development  of 
the  expected  consumption  of  the  primary  resources  as 
shown  in  the  following  Fig.  2. 

It  is  clear  that  such  an  ambitious  energetic  policy 
must  be  supported  by  appropriate  tools.  These  tools  can 
be  summarized  as  follows: 

•  Fundamental  increase  of  the  share  of  electricity  on 
the  final  consumption  according  to  the  road  map  2050 
[1,  2]  as  shown  in  Fig.  3. 

•  Increase  of  the  share  of  electricity  should  be  done 
especially  using  power  sources,  which  in  the  EU 
nomenclature  (not  physically)  have  a  conversion  factor 
between  primary  energy  and  electricity  equal  to  "1". 
This  in  fact  means  strict  preference  of  water,  wind  and 
solar  (not  only  photovoltaic)  power  plants. 

3.  New  EU  Energy  Policy  and  Biomass 

How  to  understand  the  new  European  legislation 
from  the  point  of  view  of  the  only  significant 
renewable  primary  energy  source  in  CR — i.e.,  biomass? 
Biomass  is  still  an  environmentally  acceptable  source 
in  terms  of  greenhouse  gases  production,  but  its 


Reference/CP!:  effects  of 
additional  policies  and 
updated  awumpbons 


Derarbotitsatiofi  cases: 
effects  from  different 
policyfocus/techriotogy 
availability 


199B  199S  2DO0  2QCS  2010  2015  2CED  3025  2030  2D3&  2WD  2045  2050 

Fig.  1    Decrease  of  primary  energy  resources  exploitation. 

utilization  is  not  easy  in  terms  of  planned  primary 
energy  sources  savings.  It  is  necessary  to  divide  the 
look  at  the  biomass  utilization  in  two  aims: 

•  direct  conversion  of  the  biomass  to  electric  power 
and  heat  (+  cooling  as  an  additional  product,  although 
EU  does  not  mention  it); 

•  production  of  biofuels  for  final  consumption  in 
transportation; 

Utilization  of  the  biomass  [3]  for  biofuels 
production  in  tenns  of  energetically  realistic 
conversions  between  the  primary  energy  and  the  final 
consumption  is  not  mentioned  at  all  by  EU,  the  only 
mention  is  that  the  efficiency  of  technologies  for 
conversion  to  first-generation  biofuels  is  about  0.7  and 
conversion  to  second-generation  biofuels  will  be  much 
higher-up  to  0.9.  The  real  net  yield  of  the  bioproduct  in 
terms  of  energetic  transformations  and  own 
consumption  of  the  technologies  is  not  stated.  And  this 
brings  us  to  the  subject  of  the  paper.  How  to  handle  the 
energy  facilities  utilizing  biomass  as  the  primary 
energy  resource  for  the  next  planning  period,  so  that 
they  meet  the  new  EU  targets? 

There  are  no  direct  restrictions  for  energetic  sources 
with  heat  input  up  to  20  MW  (The  EU  Industrial 
Emissions  Directive).  The  consequences  of  their 
utilization  will  show  only  in  final  balances  of  the 
country.  In  chapter  "greenhouse  gases  production" 
positively,  in  chapter  "energetic  transformation: 
primary  fuel — final  consumption"  negatively. 
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Fig.  2    Primary  energy  savings  as  presented  in  the  explanatory  report  EU. 
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Fig.  3  The  increasing  share  of  electricity  on  final 
consumption. 

4.  Energy  Sources  with  the  Heat  Input  above 
20  MW 

For  energetic  sources  with  heat  input  over  20  MW  is 
necessary  to  take  into  account  all  factors,  which  are 
stated  in  the  new  EU  legislation,  so  that  we  can  define 
an  area  of  positive  impact  of  the  biomass  utilization  for 
energetic  purposes  in  terms  of  energy  management. 

4. 1  The  Analyzed  Cases  of  Plants  Operation 

The  EU  directive  2012/27/EU  [1]  states  the 
following  conditions  for  power  sources  with  heat  input 
over  20  MW. 

The  power  source  will  utilize  cogeneration  with  high 
efficiency,  which  saves  at  least  10%  of  the  fuel 


annually,  compared  to  heat  generation  from  power 
plants  and  heating  plants.  The  reference  electricity 
production  efficiency  is  t|e  =  0.4  and  the  reference  heat 
production  efficiency  is  according  to  national  standards 
and  the  fuel  (biomass)  nv  =  0.8  to  0.85. 

The  annual  average  gross  efficiency  of  the  power 
source  will  be  75%  and  the  power/heat  ratio  e  =  E/Qd 
is  0.45.  E  is  annual  electricity  production  at  the 
generator  tenninals  and  Qd  is  annual  production  of 
useful  heat.  With  these  boundary  conditions  it  is  now 
possible  to  assess  the  design  of  the  power  source  and 
whether  is  it  possible  to  operate  it  as  a  high-efficiency 
co-generation  in  the  conditions  of  Czech  Republic. 

To  obtain  a  fuel  saving  AQTpv  by  cogeneration,  we 
can  use  the  following  equation  [4]: 
1+e 


A8l 


(1) 


Q£         —  +  —  e.rIv+r!l 
And  the  resulting  equation  of  the  wanted  quantity  nT 


is: 


It 


nE.nv.(\  +  e) 
(\-AqTJ.(e.nv+rjE) 


(2) 


This  seemingly  simple  equation  gives  an  array  of 
results  for  input  values  e  =  0.1  to  0.5,  relative  fuel 
saving  0. 1  to  0.25  and  two  variants  of  the  national  gross 
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efficiency  of  the  biomass  heating  plant  0.8  and  0.85. 
The  results  are  summarized  in  Tables  1  and  2  [5]. 

The  calculation  results  show  the  following 
conclusions: 

•  The  majority  of  considered  combinations  of 
modules  "e"  (power  and  useful  heat  ratio)  and  primary 
fuel  savings  are  unacceptable.  The  first  reason  is  the 
low  gross  efficiency  of  the  power  production  (yellow 
results)  and  the  second  reason  is  a  high  annual  power 
heat  ratio  (blue  results  and  very  probably  purple  as 
well). 

•  The  real  operating  combinations  (white  results) 
are  few  and  in  the  case  of  the  national  standard  heating 
plant  efficiency  85%  they  lay  rather  in  the  lower  range 
of  the  power/heat  ratio.  These  are  acceptable 
(reachable)  thermal  concepts  in  terms  of 
implementation  of  the  cogeneration  unit,  but  they  rely 
on  a  high  proportion  of  annual  heat  supply,  which  is 
unrealistic  without  technology  that  would  require  such 
heat  consumption. 

•  For  Czech  Republic  and  the  local  ordinary  types 
of  biomass  for  concept  of  direct  combustion  (wood 
chips  and  straw)  it  is  necessary  to  require  a  lower 
reference  value  of  efficiency  of  the  heating  plant  (max. 
80%).  This  value  allows  acceptable  values  of  the 


Table  1    Results  of  calculation  for  i]v]  =  0.85. 


Relative  savings  qp 

0.1 

0.15 

0.2 

0.25 

e=0.2 

0.2 

0.80 

0.84 

0.89 

0.95 

e=0.25 

0.25 

0.82 

0.87 

0.93 

e=0.3 

0.3 

0.75 

0.79 

0.84 

0.90 

e=0.35 

0.35 

0.73 

0.82 

0.88 

e=0.4 

0.4 

0.71 

0.76 

0.80 

0.86 

e  =0.45  0.45 

0.70 

0.74 

0.79 

0.84 

e=0.5 

0.5 

0.69 

0.73 

0.77 

0.82 

fable  2 

Results  of  calculation  for  rjvl  =  0.80. 

Relative  savings  qp 

0.1 

0.15 

0.2 

0.25 

e=0.2 

0.2 

0.76 

0.81 

0.86 

0.91 

e=0.25 

0.25 

0.74 

0.78 

0.83 

0.89 

e=0.3 

0.3 

0.72 

0.76 

0.81 

0.87 

e=0.35 

0.35 

0.71 

0.75 

0.79 

0.85 

e=0.4 

0.4 

0.69 

0.73 

0.78 

0.83 

0.68 

0.72 

0.76 

0.81 

e=0.5 

0.5 

0.67 

0.71 

0.75 

0.80 

power/heat  ratio  in  terms  of  annual  share  of  supplies  of 
useful  heat  for  district  heating  systems. 

The  performed  analysis  shows  that  the  new  EU 
directive  was  completely  focused  on  natural  gas  as  the 
primary  fuel  for  cogeneration  facilities.  The  natural  gas 
allows  a  very  high  power/heat  ratio  of  the  cogeneration 
plant. 

5.  Solution  for  Biomass 

Biomass,  especially  the  type  commonly  used  in  the 
Czech  Republic  for  combustion,  with  a  high  water 
content  (Fig.  4  [6])  has  a  low  calorific  value  and  a  high 
stack  losses  (due  to  loss  of  the  vaporization  heat  in  the 
flue  gases  leaving  the  stack),  which  is  disadvantageous 
or  unacceptable  when  considering  higher  power/heat 
ratios.  Effective  way  of  improving  the  parameters  of 
biomass  as  a  fuel  is  biomass  drying.  Indirect  drying  of 
the  biomass  by  a  waste  heat  from  the  power  generation 
process  appears  to  be  an  appropriate  drying  concept  for 
achieving  a  high  power/heat  ratio  and  also  a  high  gross 
efficiency  of  the  thermal  cycle  [7].  The  design  of  CHP 
plant  cycle  [8]  with  integrated  steam  heated  indirect 
biomass  dryer  is  shown  in  Fig.  5  [6].  The  increase  of 
the  power/heat  ratio  through  the  indirect  biomass  dryer 
heated  by  an  extracted  steam  is  shown  in  Fig.  6. 

To  summarize,  analysis  of  the  above  mentioned 
cases  with  aim  to  increase  the  value  of  power/heat  ratio 
"e"  leads  to  proposal  of  indirect  drying  of  biomass  fuel 
by  using  a  waste  heat  from  steam  R-C  cycle.  This 
design  allows  a  positive  valuation  of  primary  energy  in 
biomass  into  a  higher  production  of  electricity  in  small- 
and  medium-scale  systems  where  are  the  specific  costs 
of  machines  in  steam  cycle  much  lower  than  costs  for 
gas  turbine  and  gas  cleaning  in  gasification  and 
pyro lysis  systems  [6].  This  is  also  in  agreement  with 
EU  policy  targets  documented  in  Refs.  [1,2]. 

6.  Conclusions 

The  new  European  directive  "on  Energy  Efficiency" 
brings  an  entirely  new  principles  for  assessment  of  the 
preferred  so-called  "high-efficiency  cogeneration".  In 
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Fig.  5    Connection  diagram  of  district  heating  plant  with  integrated  indirect  dryer. 
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the  Czech  Republic  these  matters  significantly  affect  a 
substantial  segment  of  renewable  sources  with  low 
greenhouse  gas  emissions — biomass  district  heating 
plants.  The  calculations  and  considerations  clearly 
show  that  it  is  necessary  to  negotiate  the  national 
reference  efficiency  of  biomass  heating  plants  to 
acceptable  value  for  the  Czech  Republic — i.e.,  max. 
0.8. 

For  design  of  new  cogeneration  biomass  sources  it  is 
necessary  to  use  the  concept  of  controlled  indirect 
biomass  drying,  which  is  essential  for  achieving  high 
power/heat  ratio  of  the  power  generation  and 
simultaneously  sufficiently  high  value  of  the  average 
gross  annual  efficiency  of  the  district  heating  plant 
units  [8].  Analysis  of  results  of  indirect  biomass  drying 
by  waste  heat  show  significant  increase  of  power/heat 
production  ratio  "e"  for  biomass  with  high  water 
content. 
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Abstract:  In  the  period  2003-2011,  lightning  over- voltages  accounted  for  about  47%  of  the  total  number  of  distribution  transformer 
failures  observed  in  the  service  area  of  AES  Sul,  a  power  company  that  operates  in  the  state  of  Rio  Grande  doSul,  in  South  Brazil.  This 
paper  presents  the  results  of  an  investigation  on  the  influence  of  the  distance  between  transformer  and  MV  arresters  on  the  surges  at  the 
transformer  windings  caused  by  direct  strikes  to  the  MV  network.  The  analysis,  performed  through  simulations  using  the  Alternative 
Transients  Program,  shows  that  in  general  higher  voltages  are  produced  by  subsequent  strokes.  Although  in  relation  to  the  primary 
side  the  surges  transferred  to  the  secondary  are  much  less  affected  by  the  distance  between  transformers  and  primary  arresters,  such 
distance  should  always  be  kept  as  short  as  possible  in  order  to  reduce  the  probability  of  occurrence  of  transformer  failures  due  to 
over- voltages  at  the  MV  bushings. 

Key  words:  Distribution  transformer,  lightning  surges,  overvoltages. 


1.  Introduction 

Distribution  transformer  failures  can  often  be  caused 
by  lightning  overvoltages,  especially  in  regions 
characterized  by  high  lightning  activity.  This  is  the 
case  of  the  western  part  of  the  state  of  Rio  Grande  do 
Sul,  in  south  Brazil,  where  the  ground  flash  densities  in 
some  cities  exceed  9  flashes/(km2-year).  In  this  region, 
the  distribution  transformer  failure  rate  of  AES  Sul, 
one  of  the  power  companies  of  the  state,  is 
approximately  6%/year.  Lightning  accounts  for  most 
of  the  transformers'  damages  in  the  period  2003-201 1 
(8  years),  causing  approximately  47%  of  the  total 
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number  of  failures.  This  high  failure  rate  motivated  the 
development  of  a  research  project  in  cooperation  with 
the  Lightning  and  High  Voltage  Research  Center  of  the 
University  of  Sao  Paulo. 

A  possible  measure  to  reduce  the  transformer  failure 
rate  refers  to  the  installation  of  LV  (low-voltage) 
arresters  [1-5].  In  order  to  evaluate  the  effectiveness  of 
such  measure,  two  regions  of  the  AES  Sul  service  area 
characterized  by  high  failure  rates  and  high  ground 
flash  densities  were  selected  and  LV  arresters  were 
installed  at  the  secondary  terminals  of  more  than  50% 
of  the  transformers.  After  two  years  of  implementation 
of  this  protection  scheme  (2008-2010),  the  number  of 
failures  did  not  reduce  significantly,  a  result  which  has 
been  explained  by  the  fact  that  the  great  majority  of  the 
observed  lightning-caused  transformer  failures  are 
associated     with     direct     strikes     to     the  MV 
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(medium-voltage)  network.  This  is  in  accordance  with 
the  analysis  of  the  failed  transformers  and  with  the 
investigation  conducted  in  Ref.  [6],  which  showed  that, 
for  the  distance  of  about  1.5  m  commonly  adopted 
between  the  transformer  and  the  MV  arresters,  the 
amplitudes  of  the  over-voltages  associated  with  direct 
strikes  to  the  line  can  frequently  exceed  the  CFO 
(critical  impulse  flashover  voltage)  at  the  transformer 
terminals. 

AES  Sul  has  changed  its  practice  in  view  of  the 
results  and  a  new  configuration  has  been  adopted,  with 
the  arresters  installed  at  distances  not  larger  than  0.4  m 
from  the  transformer.  The  installation  of  LV  arresters 
is  recommended  in  the  case  of  exposed  LV  lines  longer 
than  500  m.  Simulations  using  models  of  typical  AES 
Sul  distribution  transformers,  surge  arresters, 
insulators,  structures,  and  line  configurations  have 
shown  that  such  measure  should  lead  to  a  substantial 
reduction  of  the  lightning-caused  failures. 

The  aim  of  this  paper  is  to  evaluate,  through 
simulations  performed  using  the  ATP  (Alternative 
Transients  Program)  [7],  the  effect  of  the  variation  of 
the  distance  between  transformer  and  surge  arresters  on 
the  surges  at  the  transformer  primary  and  secondary 
sides  in  the  case  of  direct  strikes  to  the  MV  line. 

2.  Methodology 

In  order  to  obtain  reliable  results  it  is  essential  to  use, 
in  the  simulations,  models  that  represent  adequately  the 
behavior  of  the  most  important  equipment — namely 
distribution  transformers,  insulators,  and  surge 
arresters,  when  subjected  to  lightning  surges. 

Transformers  were  represented  by  quadripoles 
whose  parameters  were  determined  from  the  analysis 
of  the  voltages  and  currents  were  measured  at  their 
terminals  when  impulsive  voltages  were  applied  to  the 
primary  and  secondary  windings,  according  to  the 
procedure  presented  in  Ref.  [8].  The  frequency 
response  curves  of  the  quadripole  were  obtained  from 
the  application  of  the  fast  fourier  transform  to  the 
measured  waveforms.  The  values  of  the  resistive, 


inductive  and  capacitive  parameters  of  the  circuit  were 
then  adjusted  to  obtain  a  good  agreement  between  the 
frequency  response  curves  of  the  quadripole  and  those 
obtained  from  measurements.  To  validate  the  model, 
comparisons  were  made  between  measured  and 
calculated  voltages  transferred  from  the  primary  to  the 
secondary  winding  when  the  standard  lightning 
impulse  voltage  (1.2/50  |is  waveform)  was  applied  to 
the  primary  terminals.  These  tests  were  performed  with 
the  transformer  secondary  either  loaded  or  in  open 
circuit.  In  the  former  case,  lumped  resistive,  inductive 
or  capacitive  loads,  with  different  values,  were 
considered.  Models  were  obtained  for  the  most 
common  transformers  used  in  the  AES  Sul  distribution 
network  and  good  agreements  were  found  between 
measured  and  calculated  results  in  all  comparisons, 
thus  confirming  the  appropriateness  of  the  developed 
models  for  the  analysis  of  transferred  surges. 

MV  insulators  were  represented  by  switches  that  are 
close  when  a  certain  condition — defined  by  the 
"Disruptive  Effect  Model"  [9]  is  reached.  Although  the 
project  includes  simulations  of  15  kV  and  25  kV 
three-phase  and  single-phase  lines  with  pin  and  pillar 
porcelain  insulators  and  wooden  and  concrete  poles, 
the  results  presented  in  this  paper  refer  to  the  25  kV 
single-phase  network,  pillar  type  insulator,  considering 
both  concrete  and  wooden  poles. 

MV  surge  arresters  were  represented  through  their 
voltage-current  characteristic  (V-I  curve)  provided  by 
the  manufacturer.  The  residual  voltage  was 
approximately  80  kV. 

Different  values  were  considered  for  the  soil 
resistivity  and  ground  resistance  (Rg);  the  effect  of  soil 
ionization  was  taken  into  account  according  to  the 
procedure  presented  in  Ref.  [10].  The  calculations  of 
lightning  over-voltages  were  performed  considering  a 
specific  section  of  the  25kV  network,  shown  in  Fig.  1 , 
whose  LV  line  is  exposed  to  direct  lightning  strikes. 

The  transformer  labeled  SFR-58,  with  power  and 
voltage  ratings  of  10  kVA  and  25  kV,  respectively, 
has  arresters  installed  only  at  the  MV  terminals.  It  was 
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Fig.  1  Distribution  line  configuration  considered  in  the 
analysis.  SFR-58  indicates  the  transformer  under  analysis. 

damaged  once  during  the  period  2008-2010.  Its  model 
obtained  according  to  the  procedure  described  above,  is 
shown  in  Fig.  2.  The  model  was  validated  through  tests 
performed  in  different  load  conditions.  The  impulse 
shown  in  Fig.  3a  was  applied  to  the  primary  terminal 
and  the  comparisons  between  some  measured  and 
calculated  secondary  voltages,  for  different  load 
conditions,  are  shown  in  Figs.  3b-3d. 

In  all  simulations,  lightning  was  supposed  to  hit  the 
MV  line  100  m  away  from  transformer  SFR-58.  The 
distances  a  and  b  between  the  arrester  terminals  and  the 
transformer,  indicated  in  Fig.  4,  were  varied  so  as  to 
investigate  their  influence  on  the  over-voltages  at  the 
transformer  windings.  Although  in  most  of  the 
simulations  the  stroke  current  was  represented  by  the 
Heidler  function  [11],  the  results  presented  in  the  next 
section  were  obtained  considering  for  both  the  first  and 
subsequent  strokes  a  triangular  wave  shape  with  tail 
time  equal  to  100  |j.s.  Different  values  were  adopted 
for  the  current  front  time  (?/). 

Unless  otherwise  indicated,  the  following  conditions 
were  adopted  in  the  simulations: 

•  lightning  strike  point  at  a  distance  of  1 00  m  from 
transformer  SFR-58  (as  shown  in  Fig.  1); 

•  single-phase  transfonners  rated  10  kVA,  13,337 
V  -  220  V,  protected  by  surge  arresters  only  at  the 
primary  side,  as  shown  in  Fig.  4; 

•  ground  resistances  of  20  Q  at  the  transformers' 
poles,  220  Q  at  both  the  neutral  groundings  and 
consumers'  poles,  and  440  Q  at  the  other  poles; 

•  soil  resistivity  equal  to  500  Q.-m; 

•  spans  of  100m  (MV  line)  and  80  m  (LV  line); 

•  wires:  4  ACSR  for  both  the  primary  (only  one 
phase)  and  secondary  (phase  and  neutral)  networks; 


Fig.  2    10  kVA,  25  kV  transformer  model. 


No  load  condition 


(a) 


1 

Load  equal  to  510  n 

 Measured 

 Transformer  model 

Time  (us) 

(c) 

Fig.  3  Voltages  at  the  transformer  terminals,  (a)  Standard 
impulse  applied  to  the  primary;  (b)  Measured  and 
calculated  transferred  voltages  (no-load  condition);  (c) 
Measured  and  calculated  transferred  voltages  (load:  510  Q); 
(d)  Measured  and  calculated  transferred  voltages  (load:  75 
jiH). 


Surge 
arrester 


Fig.  4  Distances  a  and  b  between  the  transformer  and 
arrester  terminals. 

•  6  consumers  connected  to  the  SFR-58 
transformer,  each  one  represented  by  an  inductive  load 
of  60  uH; 
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a  =  1.5  m  and  b  =  1.7  m 
a  =  0.5  m  and  b  =  0.3  m 


(b) 

Fig.  5  Phase-to-neutral  voltages.  First  stroke  (/  =  31.1  kA 
and  tf  =  3.8  jis),  concrete  poles,  (a)  primary  (b)  secondary. 

•  30  m  long  service  drop  (twisted  conductors 
configuration):  1  x  10+10  mm2  aluminum  conductor. 

Two  situations  were  considered  regarding  the 
distances  a  and  b  indicated  in  Fig.  4a  a  =  1.5  m,  b  = 
1.7  m  and  Fig.  4b  a  =  0.5  m,  b  =  0.3  m.  Both  for  the 
first  and  subsequent  stroke  currents  the  front  time  was 
varied,  in  the  simulations,  in  a  range  whose  limits 
correspond  to  the  probabilities  of  97.5%  and  2.5%  of 
being  exceeded.  For  each  front  time,  the  current 
amplitude  was  increased  till  the  voltage  between  the 
LV  terminal  and  the  transformer  tank  exceeded  30 
kV — which  is  a  typical  CFO  of  the  LV  transformer 
terminals  [12]  or  values  larger  than  200  kA  or  30  kA 
were  reached  for  the  first  or  the  subsequent  stroke 
current,  respectively.  In  other  words,  the  idea  was  to 
determine  the  lightning  current  amplitude  that,  in 
combination  with  a  certain  front  time,  to  yield  a 
voltage  equal  to  the  CFO  at  the  transformer  LV 
terminal. 


For  both  situations  considered  for  the  distances  a  and 
b,  stroke  current  front  times  with  the  same  probability 
of  being  exceeded  were  assumed  for  the  first  and 
subsequent  strokes  and  the  corresponding  current 
amplitudes  required  to  produce  phase-to-neutral 
voltages  exceeding  30  kV  at  the  transformer  LV  side 
were  obtained.  For  instance,  the  front  times  with  80% 
probability  of  being  exceeded  are  2.5  |is  and  0.2  |j.s  for 
the  first  and  subsequent  strokes,  respectively  [13]. 

The  simulations  have  shown  that,  due  to  the  higher 
steepness  of  their  currents,  subsequent  strokes  are  more 
likely  to  cause  failures  on  the  LV  windings,  even 
though  the  amplitudes  are  in  general  lower  than  those 
of  first  strokes. 

Figs.  5a-5b  and  Figs.  6a-6b  present  examples  of 
results  obtained  for  different  distances  between  the 
transformer  and  surge  arrester  for  typical  first  and 
subsequent  stroke  currents  (7  =  31.1  kA  and  f/=  3.8  jxs 


a  =  1.5  m  and  b  =  1.7  m 
a  =  0.5  m  and  b  =  0.3  m 


Time  (us) 


(a) 


  a  =  1.5  m  and  b  =  1.7  m 

1 ,                   .                a  =  0.5  m  and  b  =  0.3  m 

II V  1 

(b) 

Fig.  6  Phase-to-neutral  voltages.  Subsequent  stroke  (/  = 
12.3  kA  and  tf  =  0.7  us),  concrete  poles,  (a)  primary  (b) 
secondary. 
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Fig.  7  Phase-to-neutral  voltages.  First  stroke  (/  =  31.1  kA 
and  tf=  3.8  jis),  wooden  poles,  (a)  primary  (b)  secondary. 

and  /  =  12.3  kA  and  tf=  0.7  us,  respectively),  for  the 
case  of  concrete  poles.  These  amplitudes  and  front 
times  have  a  50%  probability  of  being  exceeded  [13]. 

The  corresponding  voltage  waveforms  relevant  to 
the  case  of  wooden  poles  are  presented  in  Figs.  7  and  8. 

For  the  cases  relative  to  concrete  poles,  flashovers 
were  observed  to  occur  along  the  MV  line  as  well  as  in 
the  secondary  line.  As  a  consequence  of  the  resulting 
power  dissipation,  the  surges  present  in  general  a 
shorter  duration  than  those  related  to  wooden  poles. 

The  particular  voltage  waveform  shown  in  Fig.  8b, 
which  refers  to  simulations  run  for  the  case  of  wooden 
poles  and  subsequent  stroke  current,  is  the  result  of  a 
flashover  that  occurred  across  the  transformer 
secondary  bushing. 

Figs.  5-8  show  that  the  over-voltages  at  the  MV 
bushing  vary  significantly  with  the  distance  between 
the  transformer  and  the  surge  arrester.  The  shorter  the 
distance  is,  the  lower  the  voltage  is.  For  example,  in  the 


a  =  1.5  m  and  b=  1.7  m 
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Fig.  8  Phase-to-neutral  voltages.  Subsequent  stroke  (/  =  12.3 
kA  and  tf  =  0.7  jis),  wooden  poles,  (a)  primary  (b)  secondary  (a 
flashover  occurred  across  the  transformer  bushing). 

case  of  concrete  poles  and  a  subsequent  stroke  (Fig.  6a), 
a  reduction  of  about  40%  on  the  peak  value  is  obtained 
when  the  distances  a  and  b  are  reduced  from  1 .5  m  and 
1.7  m  to  0.5  m  and  0.3  m,  respectively. 

On  the  other  hand,  the  voltages  on  the  secondary  side 
are  much  less  affected  by  the  position  of  the  MV  surge 
arrester  in  relation  to  the  transformer.  As  shown  in  Fig. 
7b  and  Fig.  8b,  corresponding  to  wooden  poles,  the 
differences  between  the  voltages  calculated  for  the  two 
distances  are  negligible.  In  some  conditions  the 
secondary  voltages  may  even  have  the  opposite 
behavior,  i.e.,  reach  higher  values  for  smaller  distances, 
as  for  example  in  the  case  of  concrete  poles  illustrated 
in  Figs.  5b  and  6b.  The  influence  of  the  distance  on  the 
behavior  of  the  secondary  voltages  depends  on  the 
transformer  transfer  characteristics,  network 
configuration,  ground  resistance,  and  possible 
occurrence  of  flashovers. 
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In  order  to  illustrate  how  the  value  of  the  ground 
resistance  affects  the  voltage  at  the  secondary 
transformer  terminal  for  the  two  distances  considered 
between  the  transformer  and  the  surge  arrester,  Figs.  9 
and  10  present  the  results  of  simulations  performed 


with  R„ 


20  £2  and  Rg 


60  £2.  The  transferred 


voltages  were  calculated  for  the  same  subsequent 
stroke  current  (7=15  kA  and  tf  =  0.4  us),  for  the  case 
of  concrete  poles. 

It  can  be  readily  seen,  by  comparing  Figs.  9  and  1 0, 
that  the  voltages  at  the  secondary  transformer  side  have 
a  very  similar  behavior.  The  difference  between  the 
peak  values  corresponding  to  the  two  distances  reduces 
with  the  increase  of  the  ground  resistance — from  about 
50%  in  the  case  of  Rg  =  20  £2.  to  35%  for  Rg  =  60  £1  A 
comparison  between  Figs.  9  and  1 0  show  also  that,  at 


i  and  b  =  1.7  m 
a  =  0.5  m  and  b  =  0.3  m 


Time  (fis) 


Fig.  9  Phase-to-neutral  voltages  at  the  secondary 
transformer  terminal  for  /  =  15  kA,  tf  =  0.4  us  (subsequent 
stroke)  and  Rg  =  20  H  and  two  distances  between  the 
transformer  and  the  surge  arrester. 
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a  =  1.5  m  and  6  =  1.7  m 
a  =  0.5  m  and  b  =  0.3  m 


Time  (jis) 

Fig.  10  Phase-to-neutral  voltages  at  the  secondary 
transformer  terminal  for  /  =  15  kA,  tf  =  0.4  fis  (subsequent 
stroke)  and  Rs  =  60  H  and  two  distances  between  the 
transformer  and  the  surge  arrester. 


the  LV  terminal,  the  increase  of  the  voltage  peak  value 
with  the  ground  resistance  is  more  pronounced  for 
longer  distances  between  the  surge  arrester  and  the 
transformer.  The  difference,  which  is  about  14  %  for 
the  case  of  a  =  0.5  m  and  b  =  0.3  m,  increases  to  28  % 
for  a  =  1.5  m  and  b  =  1.7  m. 

4.  Conclusions 

The  relatively  long  distance  between  transfonners 
and  MV  surge  arresters  has  been  shown  to  be  the  main 
reason  for  the  high  failure  rate  of  distribution 
transformers  in  the  western  part  of  the  state  of  Rio 
Grande  do  Sul,  in  south  Brazil.  The  analysis  revealed 
that  most  of  the  lightning-caused  failures  were 
associated  with  over-voltages  at  the  MV  bushings 
caused  probably  by  subsequent  strokes,  and  that  the 
reduction  of  this  distance  would  lead  to  a  significant 
decrease  in  the  failure  rate. 

The  influence  of  the  distance  between  transfonners 
and  MV  surge  arresters  on  the  surges  transferred  to  the 
low-voltage  side  was  investigated.  The  analysis, 
performed  through  ATP  simulations  using  models 
representative  of  the  most  important  equipment  of  the 
distribution  network,  showed  that  in  general  higher 
voltages  are  produced  by  subsequent  strokes,  and  that 
first  strokes  are  less  likely  to  provoke  surges  with 
amplitudes  higher  than  the  insulation  strength  of  the 
transformer  LV  windings.  The  effect  of  the  distance 
has  been  shown  to  be  more  important  in  the  case  of  low 
ground  resistance. 

Although  in  relation  to  the  primary  side  the  surges 
transferred  to  the  secondary  are  much  less  affected  by 
the  distance  between  transformers  and  primary 
arresters,  such  distance  should  always  be  kept  as  short 
as  possible  in  order  to  reduce  the  probability  of 
occurrence  of  transformer  failures  due  to  over-voltages 
at  the  MV  bushings. 
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Abstract:  The  precise  hydraulic  valve  is  widely  used  in  various  industrial  fields  like  aircraft,  automobile  and  general  machinery. 
Linear  actuator  is  the  most  important  device  for  driving  the  precise  hydraulic  valve.  The  reliable  operation  of  linear  actuator  has 
effects  on  the  overall  hydraulic  system.  The  performance  of  linear  actuator  relies  on  frequency  response  and  step  response  according 
to  arbitrary  input  signal.  In  this  paper,  the  analysis  for  the  components  of  linear  actuator  is  performed  to  satisfy  the  reliable  operation 
and  response  characteristics  through  the  reliability  analysis,  and  also  deducted  the  design  equations  to  realize  the  reliable  operation 
and  fast  response  characteristics  of  voice  coil  type  linear  actuator  for  servo  valve  operation  through  the  empirical  knowledge  of 
experts  and  electromagnetic  theories.  The  design  equations  are  suggested  to  determine  the  values  of  design  parameters  of  linear 
actuator  as  like  bobbin  size,  length  of  yoke  and  plunger  and  turn  number  of  coil,  and  calculated  the  life  test  time  of  linear  actuator  for 
verification  of  reliability  of  the  prototype.  In  addition,  for  reducing  the  life  test  time,  the  acceleration  model  of  linear  actuator  is 
proposed  and  the  acceleration  factor  is  calculated  considering  the  field  operating  conditions.  And  then,  the  achieved  design  values  are 
verified  through  accelerated  life  test  and  performance  tests  using  some  prototypes  of  linear  actuators  adapted  in  servo  valve. 

Key  words:  Linear  actuator,  failure  analysis,  design  equation,  accelerated  life  test,  attraction  force,  frequency  response. 


1.  Introduction 

Modern  electric  controlled  valves  are  demanded  that 
its  linear  actuator  should  be  smaller  size,  lighter  weight, 
lower  consumption  power  and  higher  response  time. 
The  linear  actuator  is  a  very  economical  motion 
converter  due  to  its  simple  structure  as  electromagnetic 
energy  converting  to  kinetic  energy.  And  the  linear 
actuator  is  used  as  key  components  in  automobile  and 
aircraft  industry.  For  having  higher  response  time  and 
product  reliability,  two  kinds  of  different  techniques  are 
needed.  One  is  the  optimal  design  method  for  linear 
actuator.  A  regarded  point  for  design  of  linear  actuator 
is  flux  density  analysis,  detennination  of  plunger  shape 
and  mass,  optimal  bobbin  design,  selected  magnetic 
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analysis,  determination  of  duty  ratio,  and  calculation  of 
coil  turn  number  which  is  regarded  temperature  rising. 
For  the  optimal  design  of  the  linear  actuator,  theoretical 
and  empirical  knowledge  are  simultaneously  needed. 
Theoretical  knowledge  governs  the  operational 
characteristics  of  the  linear  actuator,  and  empirical 
knowledge  compensates  for  the  theoretical  limitation 
obtained  from  the  designer's  design  and  manufacturing 
experiences  for  various  kinds  of  linear  actuator  [1]. 
They  can  not  be  determined  solely  by  calculation  or 
simulation  because  the  empirical  knowledge  is  more 
essential  than  theoretical  knowledge  for  determination 
of  the  plunger  shape  and  value  of  the  space  factor. 
When  designer's  accumulated  experiences  and 
expertise  are  added  to  these,  the  most  proper  shape  and 
value  of  them  can  then  be  obtained. 
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In  this  study,  the  design  equations  for  design  of 
linear  actuator  are  derived  by  a  combination  of 
electromagnetic  knowledge  and  empirical  knowledge. 
And  also,  to  establish  the  reliability  assessment 
technology  of  linear  actuator,  the  failure  analysis 
considering  the  literature,  failure  data  of 
manufacturing  companies  and  the  opinion  of  experts 
is  performed,  and  the  reliability  parameters  for  design 
and  test  are  produced.  As  the  data  of  failure  analysis, 
the  FMEA  (failure  modes  effect  analysis),  2-stage 
QFD  (quality  function  deployment),  FTA  (fault  tree 
analysis)  are  draw  out,  also  analyzed  failure  causes 
and  effects  of  linear  actuator  and  decided  test  items. 
Then  the  no-failure  test  time  of  linear  actuator  is 
calculated.  In  particular,  for  reducing  of  the  no-failure 
test  time,  the  acceleration  model  of  linear  actuator  is 
proposed  and  the  acceleration  factor  is  calculated  with 
the  reality.  The  validity  of  the  proposed  design  method 
and  deducted  reliability  parameters  are  proved  by 
accelerated  life  test  and  performance  test. 

2.  Linear  Actuator 

Fig.  1  represents  the  structure  of  a  linear  actuator  for 
servo  valve  operation.  It  is  composed  of  an  excitation 
coil  for  generation  of  magnetic  field,  yoke  for  flux  path, 
plunger  for  creation  of  mechanical  stroke,  stationary  for 
attraction  of  the  plunger,  permanent  magnet  for 
assistance  of  attractive  force  and  reduction  of 
consumption  power,  and  centering  spring  [2]. 

Fig.  2  presents  the  structure  of  a  simple  linear 
actuator  to  the  exclusion  of  permanent  magnet. 
Permanent  magnet  independently  compensates  the 
electromagnetic  force  of  linear  coil,  and  it  contributes  to 
the  reduction  of  consumption  power  and  increase  of 
operational  speed  in  comparison  with  the  case  only  used 
linear  coil  for  generation  of  the  same  attraction  power. 

3.  Failure  Analysis  Documents 

3.1  Failure  Modes  and  Effects  Analysis 

Failure  mode  and  failure  mechanism  analysis  represents 
the  main  failure  mode  of  component  parts,  and  the 
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Fig.  1   Structure  of  voice  coil  type  linear  actuator. 
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Fig.  2  Simple  structure  of  linear  actuator. 

effect  on  total  system  and  failure  cause  which  was 
generated  by  analyzing  failed  component  parts.  Table 
1  represents  the  result  of  failure  mode  and  failure 
mechanism  analysis  [3,  4].  Critical  matrix  analysis 
represents  the  severity  and  failure  frequency  as  a 
matrix  form  according  to  the  procedures  of 
MIL-STD-882D  such  as  Table  2  in  order  to  mark 
qualitatively  distribution  of  severity  at  each  failure 
modes,  failure  modes  and  critical  analysis  represents 
failure  modes  and  failure  mechanism  analysis  result 
and  critical  matrix  analysis  result  which  is  performed 
previously  with  representing  quantitative  value  such 
as  Table  3.  Linear  actuator  used  in  automobile  and 
aircraft  industry  is  required  to  have  long  life  time  as 
well  as  its  stable  performance  which  is  suitable  for 
various  usage  situation,  which  has  recently  been  an 
active  area  of  research  [5,  6]. 
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Table  1    Failure  modes  and  failure  mechanism  analysis  results. 


#  Part 

Function 

Failure 

raiiuic  ciiccl 

raiiuic  iiieciiaiiibiii 

mode 

Local  effect 

High  level  effect  Mechanism 

Load  factor 

1  Frame 

Structure,  magnetic  Crack, 
flux  passage           strain,  wear 

Force  loss 

Infelicitous  motion  Corrosion,  fatigue 

Humidity,  pollution, 
vibration 

2  Plunger 

Motion 

Jam, 

constraint 

Current  rise 

Inoperable,            Scratch,  corrosion, 
Infelicitous  motion  pollution 

J-  1^1  J  1        1  tl  l  111  l_  , 

humidity,  pollution 

3  Stationary 

Structure,  magnetic  _, 

_                         Strain,  wear 

flux  passage 

Noise  rise 

Infelicitous  motion  Wear,  scratch 

Repeated  motion 

4  Sealing 

Seal 

Crack,  strain 

Infelicitous 
motion 

Leakage               Stress,  wear 

Infelicitous  assembly, 
repeated  motion 

5  Spring 

Return  force 
generation 

Fracture 

Returning  power.  . ..  ..          ,.      _  .. 

°  e        Infelicitous  motion  Fatigue 

Repeated  motion 

6  Coil 

Force  generation 

Cut 

Stoppage  current  Inoperable  Fatigue 

Temperature 

7  Coil 

Force  generation 

Short 

Force  loss 

Inoperable            Dielectric  breakdown 

Temperature 

g  Guide 
tube 

Friction  reduction 

Pollution 

Current  rise 

Infelicitous  motion  Pollution 

Dust,  temperature 

Table  2    Critical  matrix  analysis  results. 

High 

III 

5.8 

II                    2  I 

6.7 

Severity 

Medium 

IV 

4 

III                   1  II 

Low 

V 

3 

IV  III 

Low 

Medium  High 

Failure  frequency 


Table  3    Failure  modes,  effects  and  severity  analysis  results  of  linear  actuator. 


Failure 
mode 

Failure  effect 

Failure  mechanism 

Criticality 

# 

Part 

Function 

Local  effect 

High  level 
effect 

Mechanism 

Load  factor 

Frequency  Severity  Criticality 

1 

Frame 

Structure, 
magnetic 
flux  passage 

Crack, 
strain, 
wear 

Force  loss 

Infelicitous 
motion 

Corrosion, 
fatigue 

Humidity, 
pollution, 
vibration 

Medium 

Medium  5 

Jam, 

constraint 

Inoperable, 

Scratch, 

Temperature, 

2 

Plunger 

Motion 

Current  rise 

Infelicitous 
motion 

corrosion, 
pollution 

humidity, 
pollution 

Medium 

High 

7 

3 

Stationary 

Structure, 
magnetic 
flux  passage 

Strain, 
wear 

Noise  rise 

Infelicitous 
motion 

Wear, 
scratch 

Repeated  motion 

Low 

Low 

1 

Crack, 
strain 

Infelicitous 
motion 

Infelicitous 

4 

Sealing 

Seal 

Leakage 

Stress,  wear  assembly, 

repeated  motion 

Low 

Medium  3 

5 

Spring 

Return  force 
generation 

Fracture 

Returning 
power  loss 

Infelicitous 
motion 

Fatigue 

Repeated  motion 

Low 

High 

5 

6 

Coil 

Force 
generation 

Cut 

Stoppage 
current 

Inoperable 

Fatigue 

Temperature 

High 

High 

9 

7 

Coil 

Force 
generation 

Short 

Force  loss 

Inoperable 

Dielectric 
breakdown 

Temperature 

High 

High 

9 

8 

Guide 
tube 

Friction 
reduction 

Pollution 

Current  rise 

Infelicitous 
motion 

Pollution 

Dust,  temperature 

Low 

High 

5 

3.2  Fault  Tree  Analysis  In  case  there  are  many  causes  of  detailed  failure,  the 

In  Fig.  3,  contents  in  the  circle  are  causes  of  the  causes  of  failure  are  combined  by  OR  gates  and  then 

detailed  failure  and  contents  in  the  rectangular  are  linked  to  triangle  having  a  connection  character.  By 

phenomena  of  failure  which  are  generated  by  causes  analysis  of  Fig.  3,  linear  actuator  is  unable  to  operate 

of  the  detailed  failure.  by  causes  of  failure  linked  under  /a\,  and  occur  partial 


518 


Deduction  of  Design  Equations  for  Durability  Performance  Improvement  of 
Voice  Coil  Type  Linear  Actuator  for  Servo  Valve  Operation 


Linear  Actuator  Fault 


nonoperation 

partial  operation 

nonuniform 
return  force 

Fig.  3  Fault  tree  analysis  of  linear  actuator 

fault  such  as  shaft  bending  of  plunger,  friction  of 
guide  tube,  and  plunger  sticking  by  /b\  ,  /c\ , 
corrosion  or  pollution,  fatigue,  and  also  know  that 
return  force  can  be  non-uniform  by  spring  wearing. 

3.3  Quality  Function  Deployment 

Table  4  represents  QFD  (I)  which  expresses  the 
failure  modes  corresponding  to  each  required  quality 
function.  And  the  importance  grade  of  each  failure 

Table  4    QFD  (I)  of  linear  actuator. 


modes  converted  to  scores,  as  it  were,  higher  score 
means  more  important  failure  mode.  Table  5 
represents  QFD  (II).  It  is  made  by  the  use  of  the 
analysis  results  of  QFD  (I)  and  determines  the 
reliability  test  items. 

4.  Design  Equations 

For  optimal  design,  theoretical  and  empirical 
knowledge  are  simultaneously  needed.  Theoretical 
knowledge  governs  the  operational  characteristics  of  the 
linear  actuator,  and  empirical  knowledge  compensates 
for  the  theoretical  limitation  obtained  from  the 
designer's  design  and  manufacturing  experiences  for 
various  kinds  of  linear  actuator.  In  this  chapter,  the 
derived  design  equations  are  presented  in  Table  6. 

We  obtained  the  results  of  design  in  Table  6  through 
the  design  equations  and  input  parameters.  The 
prototype  linear  actuator  represents  Fig.  4.  Besides,  Fig. 
4  represents  the  servo  valve  which  is  adopted  the  linear 
actuator  prototype. 

5.  Acceleration  Model  of  Linear  Actuator 

Domestic  industries  surveyed  integral  servo  valve 
operating  conditions  the  lifetime  of  the  field  by 
considering  the  90%  confidence  level  Bio  life  of  1.0  x 
107  cycles  that  were  guaranteed.  According  to  the 
survey  of  the  literature,  shape  parameter  of  1.1 
Weibull  distributions  follows.  Reliability  standards  for 
the  evaluation  of  servo  valve  in  the  prescribed  lifetime 


Failure  mode  requirement 


Frame  crack  Sealing 
&  strain  wear 


Plunger  jam  &  Stationary  strain  Spring  strain  ^  Guide  tube 
constraint  &  Wear  &  fracture  pollution 


Smoothing  function  of  plunger 

Low  consumption  power 

High  attraction  force 

Low  temperature  rise  of  coil 

High  insulation  resistance 

Low  pollution 

Low  noise 

Prevention  of  corrosion 
High  durability 
Failure  risk 
priority 


© 

o 

© 

A 

o 

25 

26 

36 

8 

7 

4 

A 

27 
6 


38 
3 


A 

o 

o 

© 

© 

A 

45 

59 

33 

2 

1 

5 

Very  important  ®:9,  Important  o:5,  Normal  A:3 
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Table  5    QFD  (II)  of  linear  actuator. 


Failure  mode/ 
risk  test  item 


Frame  crack  Sealing  Plunger  jam  Stationary  Spring  strain  &  .j  Coil 
&  strain         wear         &  constraint  strain  &  wear  fracture 


25 


26 


36 


27 


38 


Guide  tube 
short     pollution      status  priority 


45 


49 


33 


Structure  test  o 

Noise  test  A 

Consumption  power  test 

Maintain  power  test 

Starting  power  test 

Attraction  force  test  o 

Temperature  rising  test 

Insulation  resistance  test 

Voltage  test 

High  temperature  test  o 
Low  temperature  test  o 
Humidity  test 

Lift  test  o  © 

Very  important  ®:9,  Important  o:5,  Normal  A:3 


99  A 
ZZ^t 

1 1 

AO  Q 

i  n 
1  u 

650 

6 

560 

9 

405 

11 

968 

2 

758 

4 

650 

6 

650 

6 

706 

5 

265 

12 

899 

3 

2171 

1 

Table  6    Design  equations. 


Items 


Equations 


Items 


Equations 


Kf  = 


Attraction  force 

Design  coefficient 

Maximum  attraction  force  ^max 
Minimum  attraction  force    F  .    =  ■ 


B2»S 


[N] 


2Mo 


K 


J_ 

<2f 


Rising  temperature  Ty 
Coil  height  h  =  3 

Coil  mean  length  /  = 


p  (N»W\ 


» A  •  Xj  •  w  \  h»V  J 


(q./S.p.U2) 


K 


Diameter  of  bare  wire     d  = 


2>p»(dbo+dbi)>U 


B  =  2» 


Magnetic  flux  density 
Magnetic  motive  force       U  = 


Mo 


Total  turn  number 


Equivalent  resistance         ~  ' 


2.p.(db0+dbi)*N 


Kd] 


Inner  diameter  of  yoke       dyi  —  dho  +  Cg 
Outerdiameter  of  yoke       dyo  =  ^d2yi  +  Cp  •  df 


Coil  current 


V_ 
R, 


Consumption  power      W  =  V  •  / 


where, 


F : 

Attraction  force 

U  : 

Actual  magnetic  motive  force 

W  : 

Consumption  power 

B  : 

Magnetic  flux  density 

r  ■ 

*~m  ■ 

Empirical  compensation  coefficient 

N: 

Total  turn  numbers 

S  : 

Cross  sectional  area  of  plunger 

dyl: 

Inner  diameter  of  yoke 

h: 

Coil  height 

Mo- 

Permeability  in  the  air 

dyo- 

Outer  diameter  of  yoke 

V  : 

Supply  voltage 

Kf- 

Design  coefficient 

dho- 

Outer  diameter  of  bobbin 

■ 

Coil  mean  length 

un- 

Theoretical  magnetic  motive  force 

Empirical  constant 

mc: 

Total  layer  number  of  coil  in 
the  radial  direction 
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F  ■ 

max 

Maximum  attraction  force 

Empirical  constant 

F  ■ 

mm  ■ 

Minimum  attraction  force 

Tf: 

Rising  temperature 

ds- 

V 

Sum  of  fixed  air  gap 

Duty  ratio 

Rr 

d  : 

Maximum  distance  between 

plunger  . 

Relative  resistance 

I  : 

and  stationary 

d,: 

Radius  of  plunger 

A: 

Dissipation  coefficient 

Total  turn  number  in  shaft 
direction 

Diameter  of  bare  wire 
Equivalent  resistance 
Coil  current 


[1,7-9]. 

Table  6   Results  of  design. 


Parameters 

Values 

Magnetic  flux  density 

2.3-2.4  (T) 

Coil  turn  number 

330  (No.) 

Attraction  force 

150  (N) 

Permanent  magnet  width 

8  (mm) 

Fig.  4  Prototype  of  linear  actuator  &  servo  valve  assembly. 

of  1.0  x  10  cycles  (B10  life)  means  to  guarantee  the 
following: 

•  lifetime  distribution:  Shape  parameter  (P)  1.1 
Weibull  distribution  [10]; 

•  insurance  life:  1.0  x  107  cycles  ( S10  lifetime); 

•  confidence  level :  90%; 

•  prototype:  3ea. 

At  this  point,  no-failure  test  time  was  calculated  (1) 
using,  the  result  is  6.1-10  cycles. 


K  ~  ^100 p 


*  =1.0xl07« 


ln(l  -CL) 
n  •  ln(l  -  p) 

1 

ln(l-0.9) 
3«ln(l-0.1) 


(1) 

1.0  xlO7  cycles 


where, 

tn :  no  failure  test  time; 

Bmp  :  assurance  life; 

CL :  confidence  level; 

n  :  number  of  prototype; 

p  :  unreliability  (if  Bl0,p  =0.1); 

P  :  shape  parameter. 

However,  because  no-failure  test  time  is  too  long  to 
accelerate  the  model  chosen  and  accelerated  life  test 
of  time  should  be  calculated.  Failure  modes  related  to 


the  pressure  and  flow  of  the  servo  valve.  Pressure  and 
flow  are  chosen  to  acceleration  stress.  Considering  the 
pressure  and  flow  general  log-linear  acceleration 
model  applied  to  the  test  conditions.  So  the 
acceleration  factor  calculates  acceleration  time 
fault-tolerance  test.  7.0  MPa,  50  L/min  and 
acceleration,  conditions  25.2  MPa,  88  L/min  was 
chosen  as  the  acceleration  factor  calculation.  Thus,  Eq. 
(2)  is  22.8096. 


AF 


yf 'field 


25.2 


lest 
V  ? field 
1 


(2) 


22.8096 


.  7.0  )  1^50, 
where, 

AF  ■  acceleration  factor; 

^test    Afield  :  acceleration  &  field  pressure  (MPa); 
a fieu  :  acceleration  &  field  flow  (L/min); 

m,l :  Acceleration  index  ( m  =2,  I  =1). 

Calculated  acceleration  factor  Eq.  (3)  by 
substituting  the  acceleration  test,  time  (  hm  )  is 
produced. 


AF 


61,000,000 


2.7  xlO6 cycles  (3) 


22.8096 

6.  Life  Test  and  Performance  Test 

6.1  Accelerated  Life  Test 

The  propriety  of  the  design  equations  has  been 
proven  through  the  accelerated  life  test.  The  three  unit 
valve  assembly  adopting  the  linear  actuator  is  used  in 
this  test.  Fig.  5  shows  the  accelerated  life  test. 
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VALVE  1            VALVE  2 

VALVE  3 

II H 

BBfl  i 

Fig.  5  Accelerated  life  test. 

6.2  Attraction  Force  and  Linearity  Test 

For  attraction  test,  firstly,  the  prototype  linear 
actuator  is  to  be  fastened  to  the  attraction  force  test 
equipment,  which  is  connected  to  load  cell  by 
mechanical  coupling.  When  the  work  of  coupling 
connection  is  done,  the  plunger  must  be  surely 
tightened  not  to  result  in  the  eccentric  phenomenon, 
and  also  it  must  be  checked  that  the  value  of  load  cell  is 
0.  The  attraction  force  should  be  measured  by 
changing  the  value  of  current  form  0  to  +3  A  and  fonn  0 
to  -3  A.  Fig.  6  represents  the  measuring  result  of  the 
attraction  force.  From  Fig.  6,  the  attraction  force  is 
about  200  N  at  maximum  current  ±3  A  and  about  153  N 
at  rated  current  ±2.2  A.  In  addition,  the  linearity  is 
almost  approaching  to  the  first  order  function,  f(x)  = 
3.5  x.  At  this  time,  for  overall  region,  the  error  rate  of 
linearity  is  1.90%,  and  the  error  rate  of  symmetrical 
characteristic  is  3.05%  — 2.00%.  These  mean  that  the 
test  results  for  attraction  force  and  linearity  are 
generally  satisfactory. 

6.3  Test  of  Step  Response 

This  test  is  to  measure  the  time  difference  between 
supplying  time  of  input  step  signal  and  reaction  time  of 
plunger.  Here,  the  80%  control  signal  (8  V)  to 
controller  is  used  as  input  step  signal  and  reaction  of 
plunger  is  detected  by  output  signal  of  LVDT.  Referring 
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50 

°y 

-4           -3.           -2           -1  < 

1  2 

1  4 

/  -100 

-150 

-200 
-250 
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Current  (A) 
6  Results  of  attraction  force  test. 
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Fig.  7  Results  of  step  response  test. 


90  100 


■a 


Fig.  8 


Frequency  (Hz) 
Results  of  frequency  response  test. 


to  Fig.  7,  the  control  signal  8  V  is  applied  to  controller 
at  point  of  time  30  ms,  and  the  reaction  signal  5  V  of 
LVDT  is  detected  at  point  of  time  35  ms.  So,  the  step 
response  time  is  5  ms. 

6.4  Test  of  Frequency  Response 

This  test  is  similar  to  the  test  of  step  response.  The 
input  is  control  signal  of  controller  and  output  is 
reaction  signal  of  LVDT.  This  test  performed  at  25% 
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and  100%  magnitude  of  input  signal  with  0.01  Hz  -200 
Hz  carrier  frequency  region.  Fig.  8  is  the  test  results  for 
25%  control  signal  of  controller.  It  shows  that  the  -3dB 
frequency  is  about  189. 

7.  Conclusions 

In  this  paper,  as  a  reliability  assessment  study  of 
linear  actuator  for  valve  operation,  detailed  analysis  is 
performed  about  potential  failure  modes  of  linear 
actuator,  and  the  effects  and  converting  the 
importance  grade  of  each  failure  modes  into  score, 
and  determine  test  items  for  prior  check  the  failures 
observed  through  failure  analysis.  And  also,  design 
equations  of  linear  actuator  for  valve  operation  was 
composed. 

(1)  The  high  speed  linear  actuator  reliability 
assessment  techniques  were  established.  In  addition, 
the  failure  analysis  data  such  as  FMEA,  CMA,  FTA, 
2-Stage  QFD  was  written; 

(2)  The  design  equations  are  induced  for  design 
using  between  electromagnetic  theories  and  empirical 
knowledge; 

(3)  The  major  test  items  of  servo  valve  takes  a  long 
time  for  the  accelerated  life  test.  3ea  samples  were 
calculated  for  the  accelerated  life  test  of  time. 

As  a  result  of  experiments,  the  step  response  of 
prototype  linear  actuator  approaches  5  ms  in  Fig.  7,  the 
operating  frequency  is  about  1 89  Hz  in  -3dB  gain  and 


291  Hz  in  -90  degree  at  25%  input  signal  in  Fig.  8. 
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Abstract:  This  paper  presents  the  analysis  and  implementation  of  a  synchronizer  to  the  grid  using  a  linear  Kalman  filter.  The 
synchronizer  is  used  in  a  single-phase  inverter,  which  is  applied  in  an  environment  of  microgrids.  The  inverter  converts  the  energy  that 
comes  from  renewable  energy  sources  (photovoltaic,  wind,  fuel  cell,  etc.).  The  main  objective  of  obtaining  the  phase  of  the  grid  is  to 
achieve  a  power  factor  close  to  unity  in  the  inverter.  For  this  reason  it  is  vital  that  the  phase  difference  between  the  synchronizer  and  the 
grid  zero.  To  obtain  synchronizer  algorithm  using  LKF  (linear  Kalman  filter)  is  necessary  to  know  the  EKF  (extended  Kalman  filter). 
This  allows  to  analyze  the  operation  of  the  filter,  which  allows  to  reach  reduce  linear  Kalman  filter  or  also  known  as  simplified  Kalman 
filter.  It  is  necessary  to  generate  an  orthogonal  signal  in  order  to  obtain  a  stationary  reference  frame  from  a  single-phase  grid  because 
the  linear  Kalman  filter  works  with  a  stationary  reference  frame.  Orthogonal  signal  is  created  with  an  all-pass  filter. 


Key  words:  Inverter,  lineal  Kalman  filter,  microgrids,  synchronized. 

1.  Introduction 

At  present,  renewable  energy  sources  have  a  great 
impact  on  society  because  they  are  energy  sources  that 
do  not  pollute  the  environment  and  the  cost  of  oil  is 
becoming  more  expensive,  which  affects  the  cost  of 
electric  energy,  also  producing  a  high  pollution.  The 
renewable  energy  sources  currently  have  a  major  impact 
on  both  the  commerce  and  researches  are  about  the 
photovoltaic,  wind  and  hydrogen  among  others.  These 
may  be  added  to  the  power  contribution  of  the  grid  and 
can  work  autonomously  if  necessary,  providing  power 
directly  to  the  user.  Under  this  perspective,  power 
distribution  schemes  should  be  more  flexible  than 
existing  ones.  These  new  generation  schemes  are  called 
DG  (distributed  generation)  [1].  In  this  context, 
generation  systems  are  divided  into  two  types: 
generation  systems  that  inject  directly  into  the  grid  (grid 
connection  operation)  and  generation  systems  with 
isolated  loads  from  the  grid  (island  mode  operation). 
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These  systems  are  known  as  microgrid  [2,  3]. 

In  systems  based  on  renewable  energy  generation, 
energy  is  obtained  in  AC  or  DC,  but  in  most  cases  it  is 
never  constant.  Therefore,  the  systems  require  one  or 
more  stages  to  inject  the  energy  generated  to  the  grid. 
One  of  the  stages,  it  is  a  converter  AC/DC  or  converter 
DC/DC  that  maintain  constant  voltage.  Then  place  a 
DC/AC  converter  (inverter),  which  provides  the 
appropriate  values  of  voltage,  current  and  frequency  so 
that  the  energy  is  delivered  to  the  grid  in  the  best 
conditions.  Given  this  condition,  the  inverter  is 
responsible  for  regulating  the  voltage  of  the  DC  link,  so 
as  to  regulate  the  current  that  is  injected  to  the  grid,  and 
that  is  in  phase  with  the  grid  [4,  5].  In  order  to  reduce 
the  switching  frequency  at  the  output  signal  of  the 
inverter,  a  low-pass  filter  is  placed,  typically  L  filters 
are  used,  however,  the  trend  is  to  use  LCL  filters 
having  a  higher  order,  the  problem  with  these  filters  is 
its  resonance  frequency  which  can  cause  stability 
problems,  so  that  it  requires  a  more  delicate  control 
design  [6]. 
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To  achieve  a  factor  close  to  unity  power,  it  is  necessary 
to  use  a  synchronization  stage.  This  stage  allows  the 
synchronization  of  the  output  current  of  the  inverter  with 
grid  voltage.  The  most  used  method  is  a  PLL  (phase 
locked  loop)  [6].  However,  this  paper  presents  the  study 
of  synchronization  to  the  network  using  a  linear  Kalman 
filter  to  analyze  its  characteristics  and  set  it  as  a  highly 
viable  alternative  in  synchronization  with  the  grid.  The 
EKF  (extended  Kalman  filter)  [7,  8]  and  the  LKF 
(linear  Kalman  filter)  have  been  widely  used  in 
estimates  of  speed  and  position  in  permanent  magnet 
synchronous  motors  [9,  10]  and  permanent  magnet 
synchronous  generators  [11,  12].  This  paper  presents 
the  analysis  of  the  EKF  to  understand  its  full  operation. 
This  allows  reduction  algorithm  to  obtain  the  LKF  to 
be  used  as  a  method  of  synchronization  to  the  grid. 

The  stages  of  the  current  control  loop,  the  control 
loop  voltage  and  grid  filter  are  outside  the  scope  of  the 
paper  and  these  stages  are  discussed  in  Ref.  [4]. 

2.  Single-Phase  Inverter 

The  inverter  that  injects  energy  into  the  grid  is  a 
single-phase  inverter  with  bipolar  polarization  and 
LCL  output  filter.  Fig.  1  shows  the  schematic  of  the 
inverter  with  LCL  output  filter  and  the  control  structure 
is  implemented.  The  control  structure  is  constituted  by 
synchronization  to  the  grid,  the  current  control  loop  to 
the  grid  and  voltage  control  loop  of  the  DC -Link. 


Full  Bridge  Inverter 


Fig.  1  Diagram  of  Inverter  with  LCL  output  filter  and 
control  structure. 


3.  Stationary  Reference  Frame 

Synchronization  techniques  are  based  on  the 
synchronous  reference  frame(dp),  which  is  established 
from  stationary  reference  frame  (aft)  of  a  three-phase 
system.  However,  in  this  particular  case  the  system  is 
single  phase  so  that  it  should  create  a  signal  that  allows 
complete  orthogonally  signals  stationary  reference 
frame.  Therefore,  it  is  obtained  by: 

Vgrid  ~  ^ 'alpha  (1) 
To  create  orthogonal  signal  is  performed  by: 

Vp  =  Gort{s)*Va  (2) 

Where, 

G°«(s)  =  S?  (3) 

Gort  (s)  is  an  all-pass  filter  with  a  phase  shift  of  the 
signal  from  90°  to  the  set  frequency  (to),  for  this  case, 
the  signal  has  a  frequency  (/)  of  50  Hz,  therefore,  a)  is 
314.159  rad/s.  The  Bode  diagram  of  the  all-pass  filter 
is  shown  in  Fig.  2. 

Fig.  3  shows  the  scheme  is  used  to  create  the 
stationary  reference  frame. 

4.  Linear  Kalman  Filter 

EKF  is  analyzed  to  understand  and  implement  the 
algorithm  as  a  method  of  synchronization  LKF  to  the 
grid. 

EKF  [10]  is  based  on  the  discrete-time  lineal 
dynamic  systems,  which  can  be  expressed  in  the  form 
of  vectors  in  the  discrete  state  space,  as  expressed  by 
Eq.  (4). 

x(k  +  1)  =  Akx(k)  +  Bku(k)  +  er(fc) 

y{k)  =  Ckx(k)  +  n(k)  (4) 
where,  y  is  the  output  vector  and  u  is  the  vector  of 
inputs,  whereas  x  is  called  the  state  vector.  Ak,  Bk  y 
Ck  are  system  matrices,  which  in  most  cases  are 
obtained  from  time- varying  systems.  A  system  model 
in  discrete  time  can  be  obtained  by  discretization  of  the 
continuous  time  model  [13].  a(t)  and  (i(t)  represent 
noise  and  measurement  process,  with  covariance 
matrices  Q(k)  and  R(k),  respectively,  noise  levels 
are  unknown  and  act  as  disturbances  of  the  system,  white 
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Fig.  2   The  bode  diagram  of  the  all-pass  filter,  Gort(s). 
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Fig.  3    Scheme  for  creating  stationary  reference  frame. 

noise  and  a  stochastic  nature.  Q and  Rare  regarded  as 
adjustment  parameters  instead  of  actual  measurements 
of  the  noise,  which  in  most  cases  are  constants  chosen 
as  diagonal  until  the  filter  works  satisfactorily  through 
trial  and  error.  A  third  matrix  is  employed  P(K),  which 
represents  the  error  covariance  of  the  state  vector. 

The  EKF  algorithm  has  two  steps:  estimation  and 
correction.  The  first  step  sets  a  prediction  of  the  state 
estimation  (xp)  and  of  its  covariance  matrix  (Pp).  This 
is  implemented  by  means  of  the  following  recursive 
relationships: 

xp(k)  =  Akx(k)  +  Bku(k) 
Pp(k)  =  F(k)P(k)FT(k)  +  Q 
where,  F(k)  is  expressed  by  Eq.  (6). 

d[Akx(k)+Bku(k]]\ 

'x=x(k) 


F{k)  = 


dx 


(5) 


(6) 


The  second  step  corrects  the  prediction  of  the  state 
estimation  and  that  of  its  covariance  matrix  by 
feedback  of  the  measured  quantities.  This  is  performed 
by  means  of  the  following  recursive  relationships. 
x(k  +  1)  =  xp(k)  +  K(k)[y(k)  -  Ck(k)xp(k)]  (7) 
P(k  +  1)  =  Pp(fc)  -  K{k)H{k)Pp{k)  (8) 


where  Eq.  (8)  is  determined  by  the  Riccati  equation  of 
differences  (EDR)  and  K(k)  is  the  gain  of  the  Kalman 
filter  matrix,  which  is  defined  by  Eq.  (9). 

K(k)  =  Pp{k)HT{k)[H{k)Pp{k)HT{k)  +  R]'1  (9) 
where,  H(k  +  1)  is  determined  by  Eq.  (10): 

H(k)  =  m^w\\  (10) 

dx  <x=x(k) 

With  this  set  of  recursive  equations  is  implemented 
EKF.  The  EKF  used  as  the  synchronization  method  of 
the  grid  is  technically  feasible.  However,  it  requires  a 
high  computation  when  implemented  in  a  digital  signal 
processor,  therefore,  it  is  not  used  in  practice,  but 
provides  a  basis  for  analyzing  the  linear  Kalman  filter. 

5.  Linear  Kalman  Filter 

To  eliminate  the  problem  of  high  computation,  the 
EKF  can  be  reduced  to  LKF  or  also  known  as  Kalman 
filter  simplified  by  a  number  of  conditions.  The  LKF 
requires  a  little  computation.  The  EKF  calculates  a 
variable  gain  matrix  ^(9)  which  requires  a  high 
computational  cost.  It  is  an  important  point  in  the 
implementation  on  a  digital  signal  processor.  However, 
if  the  filter  structure  is  known,  the  calculation  of  K  may 
be  reduced  to  calculate  a  fixed  gain  matrix  [14],  this 
results  in  the  LKF. 

In  the  LKF,  the  state  vector  is  defined  by  Eq.  (11). 

e  t 

(11) 


(L>„ 


where,  8  is  the  phase  angle  of  the  network,  coe  is  the 
angular  frequency  of  the  grid  and  p  (/c)  is  the  process 
noise  with  Gaussian  distribution  with  zero  mean  [15, 
16].  In  what  is  considered  the  following  model  to 
calculate  the  phase  angle  and  the  angular  frequency,  it 
is  expressed  by  Eq.  (12): 

9(k  +  1)  =  0(7c)  +  Tscoe(k) 

0)e(k  +  l)  =  0)e(k)+p(k) 

p(k  +  1)  =  p(fc)  +  p(fc)  (12) 
For   analysis    of  this    synchronization  method, 
variables  are  output  from  the  grid  voltages  in  the 
stationary  reference  frame,  as  shown  by  Eq.  (13). 

[yi(fc)l 


(13) 
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The  LKF  synchronizer  extracts  the  frequency 
information  from  the  fundamental  component  of  the 
grid  voltages,  whereas  other  harmonic  components  are 
considered  as  measurement  noise.  Note  that  this 
approach  is  suitable  for  this  application,  because  the 
output  voltages  contain  both  low  frequency  harmonics. 

Output  variables  are  sine  and  cosine  of  the  phase 
angle,  expressed  in  normalized  form  to  simplify  the 
model  and  mainly  Kalman  gain,  as  shown  by  Eq.  (14). 


+ 


Mi  CO 


(14) 


'yi(fc)]  _  \cos9(k) 
y2(/c)J     |sen  9{k) 

where,  both  ^and  \i2  represent  switching  noise  and 

high-order  low  frequency  harmonics.  Considering  the 

state  space  representation  (11)  and  the  input  u(k)  =  0, 

the  state  space  system  are  rewritten  as  shown  by  Eq. 

(15). 

x(k  +  1)  =  Asx(k)  +  p(k) 

y(k)  =  Csx(k)  +  n(k)  (15) 
The  expressions  of  the  matrices  As  and  Csx(k)  are 
given  by  Eqs.  (16)  and  (17): 


As  = 


Csx(k) 


"cos  9(k) 
sen  9(k) 

Applying  Eq.  (10)  to  Eq.  (17)  it  results  Eq.  (If 


(16) 


(17) 


Hs(k)  = 


dCsx(k) 


dx 


(18) 


-  sen  9{k)    0  0 

cos9(k)     0  0. 

However,  to  simplify  Hs(k)  uses  the  dq  to 
transform  matrix  (T)  shown  by  Eq.  (19). 


T(q}  —  rcos$    — sen# 

L; 


(19) 


Lsen#     cos#  1 
T(9)  is  an  orthogonal  matrix,  ie,  TT(9)T(9)  =  /. 
As  Hs(k)  can  be  expressed  by  Eq.  (20): 


Where, 


cos  9 
-sen  8 


sen  #1 
cos( 


ey  ro  o  01 
e\  Li  o  oJ 


ro  o  oi 
Hs~h  o  oJ 


(20) 


(21) 


Applying  Eq.  (20)  to  Eq.  (9),  it  can  obtain  simplified 
filter  gain  Ks(k),  which  is  shown  in  Eq.  (22). 


Ks(k)  = 


Ks3 


cos0(/c)  —sen9(k) 
sen9(k)  cos9(k) 


(22) 


Ksl,  Ks2  and  ^s3  are  LKF  gains  that  are  calculated 
using  the  Matlab  command  DLQE  (AS,GS,  Hs,  Qs,  Rs) 
[17],  with  the  input  matrices  shown  in  Eq.  (23). 

0    0  ;  Qs  =  S  [ J    J]  (23) 


Gs  —  Rs  — 


In  Eq.  (23),  the  parameter  S  allows  to  adjust  the 
noise  rejection  ability,  being  chosen  by  trial  and  error. 

With  previous  development  LKF  is  expressed  by  Eq. 
(24). 

s(k)  =  VpOc)  cos0(fc)  -Va(Jc)  sen(9(fc) 

9{k  +  l)  =  [9{k)  +  TsS5e(k)  +  Ksl£(k)]n_n 

5ie(k  +  1)  =  65e(k)  +  p{k)+Ks2£(k) 
p(k  +  1)  =  p(k)  +  Ks3s(k)  (24) 

Notably  LKF  gains  are  independent  of  the 
characteristics  of  the  grid  and  can  be  used  in  different 
grid  conditions.  Another  advantage  of  using  LKF 
synchronizer  is  that  the  algorithm  is  very  efficient  in 
terms  of  computation  and  can  be  implemented  in  a 
digital  signal  processor  without  any  difficulty. 

Fig.  4  shows  the  scheme  of  using  LKF 
synchronizer. 

6.  Results 

Synchronization  method  to  the  grid  under  study  has 
been  evaluated  by  means  of  accurate  PSIM™  7.0.5 
simulations  [18]. 

Fig.  5  shows  there  is  no  phase  shift  between  the  real 
phase  and  the  phase  obtained  by  using  PLL  and  LKF 
synchronizers. 

This  is  also  demonstrated  in  Fig.  6,  which  shows  the 
behavior  of  the  grid  voltage  and  the  sinusoidal  voltage 
that  is  obtained  through  synchronizer  using  PLL  and 
synchronizer  using  LKF. 

One  way  to  evaluate  the  response  of  the 
synchronizers  is  applying  frequency  steps  so  that  the 
steps  are  applied  to  grid  frequency  of  60  Hz  to  50  Hz 
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Fig.  4  Scheme  of  synchronizer  using  a  Kalman  filter 
Linear. 


Fig.  5  Behavior  of  the  phase  angle  of  synchronization 
methods  to  the  grid  (60  Hz). 
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Fig.  6  Behavior  of  the  grid  voltage  of  synchronization 
methods  (60  Hz). 

and  60  Hz  to  50  Hz,  which  can  obtain  the  response  time 
of  each  of  synchronizers.  Fig.  7  shows  the  phase 
behavior  of  the  two  synchronizers.  When  a  frequency 
step  is  applied  to  the  grid  of  60  Hz  to  50  Hz,  it  is 
observed  that  the  response  time  of  the  synchronizer 
using  PLL  is  165  ms,  corresponding  to  eight  cycles  of 
the  grid  signal  and  the  response  time  of  synchronizer 
using  LKF  is  125  ms,  which  corresponds  to  six  cycles 
of  the  grid  signal. 

Fig.  8  shows  the  response  of  the  grid  voltage  when 
applying  a  frequency  step  of  the  grid  of  60  Hz  to  50  Hz. 

Fig.  9  shows  the  phase  behavior  of  the  two 
synchronizers.  When  a  frequency  step  is  applied  to  the 
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Fig.  7  Behavior  of  the  phase  of  a  step  to  the  grid  frequency 
of  60  Hz  to  50  Hz. 
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Fig.  8  Behavior  of  the  grid  voltage  of  a  step  to  the  grid 
frequency  of  60  Hz  to  50  Hz. 
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of  50  Hz  to  60  Hz. 

grid  of  50  Hz  to  60  Hz,  it  is  observed  that  the  response 
time  of  the  synchronizer  using  PLL  is  171  ms, 
corresponding  to  ten  cycles  of  the  grid  signal  and  the 
response  time  of  synchronizer  using  LKF  is  120  ms, 
which  corresponds  to  seven  cycles  of  the  grid  signal. 
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Fig.  10  shows  the  response  of  the  grid  voltage  when 
applying  a  frequency  step  of  the  grid  of  50  Hz  to  60  Hz, 
which  yields  the  same  results  as  in  Fig.  9.  In  both  cases 
it  is  observed  that  the  synchronizer  using  LKF  has  a 
lower  response  time  in  comparison  with  synchronizer 
using  PLL,  which  in  the  worst  case  is  120  ms,  and 
always  in  six  cycles  of  the  network  signal. 
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Fig.  10  Behavior  of  the  grid  voltage  of  a  step  to  the  grid 
frequency  of  50  Hz  to  60  Hz. 


48 
150 
100 

>  50 

If  ° 

>  -50 
-100 
-150 


—  Frequency 

1  1.05 

1.1                 1.15                 1.2                 1.25  1 

—  PLL  Error 

—  LKF  Error 

1.05  1.1  1.15  1.2  1.25  1.3 

time  (s) 

Fig.  11  Behavior  of  the  grid  voltage  of  a  step  to  the  grid 
frequency  of  60  Hz  to  50  Hz. 
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Fig.  12  Behavior  of  the  grid  voltage  of  a  step  to  the  grid 
frequency  of  60  Hz  to  50  Hz. 


Figs.  1 1  and  12  show  the  grid  voltage  behavior  of  the 
synchronizer.  It  is  observed  that  the  response  time 
synchronizer  using  LKF  is  125  ms,  which  corresponds 
to  six  cycles  of  the  grid  signal. 

7.  Conclusions 

The  synchronizer  to  the  grid  using  a  linear  Kalman 
filter  has  been  designed  and  evaluated  in  this  paper.  A 
stage  of  creating  an  orthogonal  signal  is  implemented. 
Orthogonal  signal  allows  to  use  the  stationary 
reference  frame.  To  evaluate  the  synchronizer  using 
LKF  is  deployed  to  a  synchronizer  using  PLL,  because 
it  is  the  most  widely  used.  The  synchronizer  using  LKF 
has  a  lower  response  time  in  comparison  with 
synchronizer  using  PLL,  which  in  the  worst  case  is  125 
ms,  and  always  in  six  cycles  of  the  grid  signal. 
Synchronizers  were  developed  in  C,  in  the  PSIMTM 
7.0.5  simulations. 
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Abstract:  Application  of  a  DFIG  (doubly-fed  induction  generator),  which  is  one  of  adjustable  speed  generators,  to  a  gas  engine 
cogeneration  system  has  been  investigated.  To  operate  during  a  blackout  as  an  emergency  power  supply  is  one  of  important  roles  for  the 
gas  engine  cogeneration  system.  In  the  case  of  conventional  constant  speed  of  synchronous  generator,  the  amount  of  the  allowed  step 
load  is  limited  to  around  30%  of  the  rated  power.  On  the  other  hand,  DFIG  is  expected  to  increase  the  amount  of  step  load  during  the 
stand-alone  operation.  In  this  paper,  it  has  been  demonstrated  that  an  increase  in  the  gas  engine  speed  resulted  in  an  increase  in  the 
maximum  amount  of  step  load  using  experimental  equipment  with  a  real  gas  engine.  It  has  been  concluded  that  the  proposed  system  can 
improve  the  performance  of  an  emergency  power  supply  at  step-loading. 

Key  words:  Step  load  change,  doubly-fed  induction  generator,  gas  engine  cogeneration  system,  stand-alone  operation. 


1.  Introduction 

In  recent  years,  a  lot  of  attention  has  been  paid  to 
cogeneration  which  utilizes  natural  resources 
efficiently  to  reduce  CO2  emission.  A  conventional 
gas  engine  cogeneration  whose  rated  power  is  more 
than  three  hundred  kilowatt  has  used  a  constant-speed 
synchronous  generator  directly  connected  to  loads  and 
grid.  However,  the  efficiency  of  the  gas  engine 
operating  at  a  constant  speed  is  deteriorated  in 
part-load  condition  due  to  the  gas  engine 
characteristics  [1,2].  Refs.  [1,2]  show  the  decrease  of 
part-load  efficiency  in  the  schematic  diagram  of  the 
steady-state  efficiency  according  to  the  rotational 
speed.  In  addition,  the  gas  engine  is  incapable  of 
operating  in  overloaded  condition  because  the  output 
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torque  of  the  gas  engine  reaches  to  the  upper  limit. 
Moreover,  when  it  comes  to  operating  as  a  stand-alone 
system,  the  permitted  frequency  deviation  restricts  the 
maximum  amount  of  step  load  change. 

Employment  of  an  adjustable  speed  generator  can 
effectively  solve  the  above-mentioned  problems. 
Therefore,  in  this  study,  application  of  a  DFIG 
(doubly-fed  induction  generator)  to  the  gas  engine 
cogeneration  system  as  one  of  the  ways  to  enables  the 
gas  engine  to  operate  at  adjustable  speed  regardless  of 
grid  frequency  has  been  investigated.  An  advantage  of 
DFIG  is  to  require  less  converter  power  capacity, 
which  is  only  the  maximum  amount  of  the  DFIG 
secondary  side  power  depending  on  the  operational 
speed  range,  compared  with  other  adjustable  speed  ac 
generators  that  require  converting  full  output  power  [3, 
4].  The  adjustable  speed  operation  makes  the  gas 
engine  more  efficient  thanks  to  operating  at  an  optimal 
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speed  according  to  the  load  ratio.  In  addition,  the 
adjustable  speed  operation  enables  the  gas  engine  to 
operate  in  overloaded  condition  for  a  short  time. 
Furthermore,  an  increase  in  the  amount  of  step-loading 
during  the  stand-alone  operation  is  expected  because 
the  DFIG  is  prevented  from  causing  the  frequency 
excursion  by  controlling  the  secondary  side  frequency. 

To  operate  during  a  blackout  as  an  emergency  power 
supply  is  one  of  the  important  roles  for  the  gas  engine 
cogeneration  system.  In  the  preceding  literatures  [5-7], 
the  authors  have  proposed  the  start-up  method  of  the 
DFIG  with  a  charged  capacitor  during  a  blackout 
because  the  DFIG  requires  an  excitation  source  for  the 
startup.  Moreover,  the  authors  have  investigated 
stand-alone  operation  in  the  case  of  applying  and 
disconnecting  loads  following  the  blackout  start.  Refs. 
[8-11]  also  investigated  the  response  to  application 
and  disconnection  of  loads  in  the  stand-alone 
operation.  Ref.  [8]  dealt  with  stand-alone  wind-diesel 
generation  using  DFIG  and  showed  the  optimal 
control  method  of  diesel  genset.  In  addition,  the 
control  method  to  keep  constant  voltage  and  constant 
frequency  irrespective  of  load  variation  was  proposed 
and  verified  by  experiment.  Ref.  [9]  showed  the 
indirect  stator-flux-oriented  vector  control  for 
stand-alone  operation  and  a  simplified  diesel  engine 
model.  Moreover,  they  have  investigated  the  response 
to  step  load  change.  Ref.  [10]  proposed  another 
control  method  of  stand-alone  DFIG  which  referred  to 
reference  voltage  space  vector  control.  In  this 
literature,  step-loading  and  step -unloading  have  been 
done  at  a  constant  rotational  speed  by  experiment.  Ref. 
[11]  also  investigated  step-loading  and  step-unloading 
of  the  stand-alone  operation  of  a  DFIG  by  experiment. 
In  this  reference,  the  stator-flux-oriented  vector 
control  has  also  been  used.  Although  these  preceding 
literatures  investigated  step  load  change  at  stand-alone 
operation,  operation  continuity  of  stand-alone  genset 
with  DFIG  did  not  investigate. 

In  terms  of  improving  the  gas  engine  performance, 
various  approaches  have  been  addressed  [12-14]. 


Recent  mainstream  of  medium  size  gas  engine  is  to 
adopt  lean-burn  and  miller  cycle  technologies  to 
realize  high  electrical  efficiency  at  the  expense  of  the 
response  performance  to  the  load  changes.  Therefore, 
in  the  case  of  a  conventional  constant  speed  gas 
engine  genset  in  the  stand-alone  operation,  the  amount 
of  step  load  to  the  gas  engine  is  limited  to 
approximately  30%  of  the  rated  power  so  as  to  make 
the  frequency  excursion  within  approximately  ±15%. 
On  the  other  hand,  the  DFIG  is  expected  to  increase 
the  amount  of  step  load  in  the  stand-alone  operation 
because  the  DFIG  is  able  to  keep  constant  output 
frequency  in  spite  of  change  of  rotational  speed  during 
load  change. 

In  this  paper,  stand-alone  operation  of  a  DFIG 
driven  by  a  real  gas  engine  at  step  load  change  has 
been  investigated  by  both  a  computer  simulation  and 
experiment.  In  the  study,  the  amount  of  step  load  and 
the  reference  of  the  rotational  speed  were  changed  in 
order  to  investigate  the  operation  continuity  when  the 
loads  were  applied  and  disconnected.  The 
experimental  results  have  revealed  that  the  maximum 
amount  of  step  load  in  which  the  genset  was  capable 
of  continuing  its  operation  increased  as  the  operational 
speed  became  faster,  which  resulted  in  improvement 
of  the  step-loading  characteristics  of  the  gas  engine 
genset.  Based  on  the  experimental  results,  a  simplified 
simulation  model  of  the  gas  engine  has  been 
developed  to  investigate  the  operation  continuity  at 
step-loading.  These  experimental  and  simulation 
results  have  revealed  what  factor  determines  the 
maximum  amount  of  step  load  in  the  case  of  a  genset 
with  a  DFIG. 

2.  Main  Circuit  and  Control  System 

2. 1  Circuit  Configuration 

A  main  circuit  configuration  of  the  proposed  system 
is  shown  in  Fig.  1 .  Voltages  vs,  vr,  currents  it  and  ig  are 
defined  as  follows:  stator  phase  voltage  vs  =  (vsa,  vsb, 
vsc),  rotor  phase  voltage  vr  =  (vra,  vrb,  vrc),  rotor  side 
converter  output  current  iT  =  (z'ra,  irb,  ire)  and  grid  side 
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Fig.  1    Schematic  diagram  of  the  main  circuit. 

converter  output  current  zg  =  (7ga,  z'gb,  z'gc).  Parameters  of 
the  main  circuit  are  summarized  in  Table  1 .  The  DFIG 
was  coupled  with  the  gas  engine  directly.  The  DFIG 
parameters  are  summarized  in  Table  2.  In  this  study,  all 
equipment  were  scaled  down  compared  with  the  size  of 
a  practical  system.  In  the  main  circuit,  two  power 
converters  were  installed  between  the  DFIG  primary  and 
secondary  sides  with  a  common  dc  link.  These 
converters  are  called  "RSC  (rotor  side  converter)"  and 
"GSC  (grid  side  converter)",  respectively.  These 
converters  function  as  ac-to-ac  power  conversion.  In  the 
experiment,  the  rated  output  voltages  of  the  RSC  and 
GSC  are  both  220  V  and  the  rated  output  currents  of  the 
RSC  and  the  GSC  are  24  A  and  1 1  A,  respectively.  The 
large  converter  ratings  compared  with  the  DFIG  rating 
(1.1  kW)  were  chosen  so  as  not  to  be  lack  of  the 
converter  capacity  at  the  various  experimental 
conditions.  LPFs  (LC  low-pass  filters)  were  connected 
to  each  converter's  ac  output  side.  Loads  and  a  utility 
grid  can  be  connected  to  the  DFIG  primary  side.  In  this 
paper,  it  was  assumed  that  the  DFIG  was  disconnected 
from  the  utility  grid.  A  load  equipment  which  has 
constant  impedance  characteristics  was  used.  An 
electrolytic  capacitor  which  was  initially  charged  was 
connected  to  the  dc  link  part.  A  M.  T.  (matching 
transformer)  was  installed  between  the  GSC  and  the 
DFIG  primary  side  to  match  the  voltage  level.  The 
parameters  of  the  M.  T.  are  shown  in  Table  3. 

2.2  Control  System 

The  converters  are  controlled  based  on  the  following 
three  control  blocks. 


Table  1   Circuit  parameters. 


4mH 


4  mH 


Cr 

Cdc 


10  uF 
11.8  mF 


10  uF 


Table  2  DFIG  parameters. 


Rated 

Parameter 

Power 

1.1  kW 

Stator  resistance 

0.536  n 

Frequency 

60  Hz 

Rotor  resistance 

2.377  Q 

Number  of  pole 

6 

Leakage  reactance 

1.256  Q 

Stator  voltage 

210  V 

Magnetizing  reactance 

26.99  Q 

Stator  current 

6.3  A 

Iron  resistance 

3.658  Q. 

Rotor  voltage 

32.9  V 

Stator/rotor  turn  ratio 

6.38 

Rotor  current 

20.3  A 

Table  3   Parameters  of  matching  transformer. 

Phase 

3 

Primary  side  voltage 

460  V 

Capacity 

lOkVA 

Secondary  side  voltage 

230  V 

Frequency 

60  Hz 

Primary  side  current 

12.6A 

Connection 

A-A 

Secondary  side  current 

25.2  A 

%  Impedance 

1.54% 

Magnetizing  current 

4.10% 

The  RSC  control  block  diagram  is  shown  in  Fig.  2. 
The  RSC  controls  the  primary  side  voltage  and 
frequency.  Superscript  *  indicates  reference  values. 
The  control  system  employs  PI  (proportional  and 
integral)  control,  and  the  transfer  function  GPrfs)  is 
defined  as  follows: 

1 


Gn(s)  =  K\l  + 


ST 


(1) 


where,  K  and  z  represent  a  gain  and  an  integral  time 
constant,  respectively.  The  phase  angle  of  the  RSC 
output  current  is  represented  in  0snv  and  is  calculated 
by  J  (co\  -  a>T)  dt,  where  co\  is  a  reference  of  the  grid 
electrical  synchronous  angular  speed,  which  is  given 
by  2nfo.  The  value  of fo  is  60  Hz  in  this  study.  The  DFIG 
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Fig.  2    RSC  control  block  diagram. 

rotational  angular  speed  in  electrical  angle  cor  is 
obtained  by  a  speed  encoder.  The  rms  value  of  the 
primary  side  line  voltage  is  equal  to  vsdq  which  is 
shown  in  Fig.  2.  Ripples  on  the  voltage  vsdq  are 
eliminated  by  the  LPF1.  A  current  control  is  used  in 
the  RSC  control  block  diagram  based  on  the  dq 
rotational  coordinates  with  the  reference  of  the  RSC 
q-axis  output  current  irq  =  0. 

A  GSC  control  block  diagram  is  shown  in  Fig.  3. 
GSC  controls  both  the  dc  link  voltage  to  keep  it 
constant  and  the  reactive  current  igq  to  supply  the 
excitation  current  from  the  primary  side.  In  this 
control,  the  d-axis  current  corresponds  to  the  active 
current  and  the  q-axis  current  corresponds  to  the 
reactive  current.  In  order  to  avoid  interfering  with  the 
d  and  q  axes  current  control,  a  decoupling  control  is 
used.  In  addition,  the  primary  side  voltages  in  the  dq 
rotational  coordinates  vsd  and  vsq  are  used  for 
feed-forward  control  so  as  to  improve  the  response 
speed  of  the  current  control. 

A  PLL  (phase  locked  loop)  control  block  diagram  is 
shown  in  Fig.  4.  The  PLL  is  used  to  acquire  the  phase 
angle  of  the  primary  side  voltage  9\.  A  steady-state 
output  frequency  is  represented  by  fo.  The  primary  side 
q-axis  voltage  is  controlled  to  be  zero  so  that  the  d-axis 
is  aligned  with  the  primary  side  a-phase  voltage. 

The  reference  values  used  in  the  control  blocks  are 
summarized  in  Table  4.  The  parameters  of  PI  controllers 
and  LPFs  are  shown  in  Tables  5  and  6,  respectively. 

2.3  Sharing  Excitation  Current  Control 

In  the  case  of  our  experimental  equipment,  the 


excitation  current  from  the  secondary  side  became 
excessive  when  the  DFIG  was  excited  only  from  the 
secondary  side.  Therefore,  we  excited  the  DFIG  from 
the  primary  side  using  the  reference  of  the  GSC  q-axis 
current  z'*gq,  and  shared  the  excitation  current  between 
the  primary  and  secondary  sides  to  suppress  the 
secondary  current.  From  no  load  test  of  the  DFIG  and 
computer  simulation  results,  we  tentatively 
determined  that  the  reference  value  of  the  excitation 
current  from  the  primary  side  zgq  was  5  A  [3].  This 
means  that  the  GSC  outputed  1  kilo-var  (leading). 

3.  Experimental  Results  of  Stand-Alone 
Operation 

In  this  chapter,  results  of  application  and 
disconnection  of  step  loads  in  the  stand-alone  operation 
are  shown. 

3. 1  Experimental  Conditions 

Fig.  5  shows  the  appearance  of  the  DFIG  directly 
coupled  with  a  gas  engine.  The  gas  engine  used  in  the 
experiment  was  converted  from  a  general-purpose 
diesel  engine  (producted  by  Yanmar,  type:  NFAD6). 
The  reference  of  the  gas  engine  rotational  speed  was 
changed  from  1,000  rpm  to  1,600  rpm  by  100  rpm. 
The  following  constant  impedance  loads  were  used  for 
application  and  disconnection  to  the  genset:  100,  200, 
400  and  600  W. 

3.2  Application  of  Step  Load 

In  this  paper,  the  two  results  under  the  following 
conditions  are  shown  as  typical  responses  of 
application  of  the  loads: 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,300  rpm  (rotational  frequency  in  electrical 
angle  is  65  Hz); 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,400  rpm  (rotational  frequency  in  electrical 
angle  is  70  Hz). 

The  former  and  latter  results  are  shown  in  Figs.  6 
and  7,  respectively. 
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Fig.  3    GSC  control  block  diagram. 


Fig.  4  Phase  locked  loop  block  diagram. 
Table  4  Reference  values. 


Vsdq* 

200  V 

(„*  OA 

200  V 

im             5  A 

Table  5 

PI  parameters. 

Gain 

Time  constant  (s)    Cutoff  frequency  (Hz) 

PI  1 
PI  2 
PI  3 
PI  4 
PI  5 

200  V 

25.2 

0.05 

25.2 

0.1 

0.1 

0.0597 
0.05 
0.0597 
0.06 

1,000 
1,000 

Table  6 

LPF  parameters. 

Time  constant  (s) 

Cutoff  frequency  (Hz) 

LPF  1 
LPF2 
LPF  3 

0.01 

0.031 

0.031 

15.9 
5.13 
5.13 

Fig.  5    Appearance  of  DFIG  coupled  with  gas  engine. 


Before  application  of  the  load,  the  primary  side 
voltage  was  controlled  to  be  constant  and  any  load 
was  not  connected.  At  that  time,  the  generated  power 
circulated  between  the  primary  and  secondary  sides. 
Then,  the  400  W  load  was  applied  as  indicated  by  the 
first  dotted  line  with  blue  in  Figs.  6  and  7. 

Fig.  6  shows  that  the  genset  was  incapable  of 
continuing  its  operation  after  the  400  W  step-loading 
as  shown  in  Fig.  6a  when  the  reference  of  the 
rotational  speed  was  1,300  rpm  because  the  primary 
side  voltage  shown  in  Fig.  6b  went  to  zero  after  the 
step-loading.  Fig.  6c  genset  lagged  behind  the  increase 
in  the  load.  As  a  result,  the  slip  of  the  DFIG  increased 
and  the  output  current  of  the  RSC  increased  as  shown 
in  Figs.  6d  and  6e  because  the  circulating  power  from 
the  primary  side  to  the  secondary  side  increased.  At 
the  same  time,  Fig.  6f  shows  that  the  GSC  d-axis 
current,  which  corresponds  to  the  active  current  and  is 
used  for  controlling  the  dc  link  voltage  shown  in  Fig. 
6g  to  constant,  increased  as  the  speed  went  down. 
Finally,  the  RSC  tripped  due  to  overcurrent  when  the 
DFIG  rotated  at  around  950  rpm  as  indicated  by  the 
second  dotted  line  with  red  in  Fig.  6.  At  this  time,  the 
peak  value  of  the  RSC  output  current  was  40  A  and 
the  slip  of  the  DFIG  was  0.21.  In  addition,  the  GSC 
d-axis  output  current  was  5  A,  which  means  that  1 ,000 
W  of  active  power  flowing  from  the  primary  side  to 
the  dc-link  part.  This  power  provided  the  secondary 
side  power.  In  addition,  this  was  also  consumed  in  the 
power  conversion  stage  as  energy  loss.  After  the  RSC 
tripped,  the  stored  energy  in  the  generator  reactance 
and  the  filter  capacitances  resonated.  Then  the  primary 
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Fig.  6  Waveforms  of  application  of  step  load  (400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed  was  1,300  rpm.  (a) 
Primary  side  phase  voltage  vsa,  vsb,  vsc;  (b)  Secondary  side  phase  voltage  vm,  vrh,  vrc;  (c)  RSC  output  current  im,  irb,  irc;  (d)  RSC 
d-axis  output  current  i,.d  and  its  reference  ird  ;  (e)  Load  current  ila,  ilb,  ilc\  (f)  DFIG  rotational  speed;  (g)  GSC  d-axis  output 
current  igd  and  its  reference  igd\  (h)  dc-link  voltage  vdc. 


and  secondary  side  voltages  exponentially  decreased 
to  zero  as  shown  in  Figs.  6b  and  6h.  Eventually,  the 
400  W  load  was  not  able  to  be  applied  to  this  system. 

On  the  other  hand,  Fig.  7  shows  that  the  genset 
successfully  continued  its  operation  after  the  400  W 
step-loading  as  shown  in  Fig.  7a  when  the  reference  of 
the  rotational  speed  was  1,400  rpm  because  the 
primary  side  voltage  was  kept  constant  as  shown  in 
Fig.  7b  regardless  of  the  step-loading.  Fig.  7c  shows 
that  the  lowest  speed  of  1 ,260  rpm  was  higher  than  the 
previous  experiment  after  application  of  the  load  since 
the  initial  rotational  speed  was  higher.  In  other  words, 
the  stored  energy  in  the  inertia  of  the  DFIG  and  the 
gas  engine  was  higher  than  the  previous  case. 
Therefore,  the  delay  of  the  gas  engine  response  was 
compensated  by  the  inertia  energy.  When  the 
rotational  speed  went  down,  the  secondary  side  phase 
voltage  shown  in  Fig.  7d  decreased  because  the 
absolute  value  of  the  slip  decreased  as  shown  in  Fig. 


7c  and  the  internal  induced  voltage  at  the  rotor  side 
decreased.  On  the  contrary,  the  RSC  output  current 
shown  in  Figs.  7e  and  7f  and  the  GSC  d-axis  output 
current  increased  in  Fig.  7g  when  the  rotational  speed 
went  down.  That  is  because  the  active  power  flowing 
from  the  primary  side  to  the  dc-link  increased  due  to 
the  loss  of  the  power  conversion  stage  between  the 
primary  and  secondary  sides  when  the  rotational  speed 
slowed  down.  Then  the  active  power  at  the  primary 
side  increased.  That  led  to  increase  in  the  RSC  output 
current.  Fig.  7h  shows  that  the  dc-link  voltage  was 
kept  constant  regardless  of  the  step-loading. 

These  results  have  revealed  that  the  rating  of  the 
RSC  output  current  and  the  lowest  rotational  speed 
have  limited  the  maximum  amount  of  step  load  in 
which  the  genset  is  capable  of  continuing  its  operation. 
However,  the  secondary  side  current  can  be 
suppressed  by  redesigning  the  DFIG  stator/rotor  turn 
stator/rotor  turn  ratio.  Then  the  secondary  side  voltage 
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Fig.  7  Waveforms  of  application  of  step  load  (400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed  was  1,400  rpm.  (a) 
Primary  side  phase  voltage  vsa,  vsb,  vsc;  (b)  Secondary  side  phase  voltage  vra,  vrb,  vrc;  (c)  RSC  output  current  im,  irb,  irc;  (d)  RSC 
d-axis  output  current  ird  and  its  reference  ird;  (e)  Load  current  ilb,  ik;  (f)  DFIG  rotational  speed;  (g)  GSC  d-axis  output 
current  igd  and  its  reference  igd";  (h)  dc  link  voltage  vdc. 


would  become  an  issue  for  the  rotor  side  converter 
instead  of  the  secondary  side  current  when  loads  are 
applied. 

3.3  Operation  Continuity  Performance  to  Step-Loading 

Table  7  shows  the  operation  continuity  performance 
of  the  genset  when  the  step  loads  were  applied.  The 
power  factor  of  these  loads  was  unity.  The  system 
behavior  after  the  step-loading  is  categorized  into  four. 
Each  of  the  behavior  is  represented  by  the  symbols 
shown  as  follows: 

o:  Step  load  is  able  to  be  applied  to  the  genset; 

A:  The  load  is  able  to  be  gradually  applied  to  the 
genset.  However,  the  step-loading  leads  to  the  RSC 
trip  owing  to  the  drop  of  the  rotational  speed; 

□  :  When  the  load  is  gradually  applied  to  the  genset, 
the  RSC  does  not  become  overcurrent.  However,  the 
gas  engine  hits  its  maximum  output  torque  and  the  gas 


Table  7  The  operation  continuity  to  step-loading. 

Reference  of  the  rotational  speed  (rpm) 


The  amount 
of  applied 
load 

1,000 

1,100 

1,200 

1,300 

1,400 

1,500 

1,600 

100  W 

o 

o 

O 

O 

O 

o 

o 

200  W 

A 

O 

o 

O 

o 

o 

o 

400  W 

□ 

□ 

□ 

A 

o 

o 

o 

600  W 

X 

X 

□ 

□ 

□ 

□ 

o 

engine  ends  up  stalling; 

x:  The  load  is  not  able  to  be  applied  to  the  genset 
even  though  the  load  is  gradually  increased  because  of 
both  the  RSC  overcurrent  and  upper  limit  of  the  gas 
engine  output  torque. 

Overall,  the  higher  the  reference  of  the  rotational 
speed  was,  the  more  amount  of  load  we  were  able  to 
apply  to  the  genset. 

The  cause  of  most  of  the  stop  of  the  operation  was 
that  the  RSC  tripped  due  to  overcurrent.  There  are  two 
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cases  for  the  trip  in  terms  of  the  initial  rotating  speed 
and  the  lowest  speed  after  the  step-loading.  The  first 
case  is  that  the  higher  the  rotational  speed  became,  the 
less  the  RSC  output  current  became.  That  was  because 
the  higher  the  rotational  speed  was,  the  less  the  active 
power  flowing  from  the  primary  side  to  the  secondary 
side  became.  Therefore,  the  first  case  of  the  trip  is  that 
the  RSC  tripped  due  to  overcurrent  even  though  the 
rotational  speed  did  not  go  down  after  the  step-loading. 
In  this  case,  the  reference  of  the  rotational  speed 
should  be  increased  in  order  to  avoid  overcurrent  of 
the  RSC.  The  second  case  of  the  trip  is  that  the  RSC 
tripped  after  the  step-loading  because  the  gas  engine 
speed  went  down.  In  this  case,  the  response  speed  of 
the  gas  engine  affected  the  drop  of  the  gas  engine 
speed.  Therefore,  if  the  response  speed  of  the  gas 
engine  becomes  faster,  more  amount  of  step  load  can 
be  applied  to  the  genset  because  the  drop  of  the  gas 
engine  speed  becomes  smaller. 

3,4  Disconnection  of  Step  Load 

Results  under  the  following  conditions  are  shown  as 
typical  responses  to  disconnection  of  the  loads. 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,300  rpm  (rotational  frequency  in  electrical 
angle  is  65  Hz); 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,400  rpm  (rotational  frequency  in  electrical 
angle  is  70  Hz). 

The  former  and  latter  results  are  shown  in  Figs.  8 
and  9,  respectively. 

At  first,  the  400  W  step  load  was  connected  to  the 
genset.  The  moment  of  disconnecting  the  load  is 
indicated  by  a  dotted  line  in  both  Figs.  8  and  9.  After 
the  disconnection,  there  was  no  load  connected  to  the 
genset.  Unlike  application  of  the  load,  disconnection 
of  the  load  was  successfully  done  with  the  reference 
speeds  of  both  1,300  rpm  and  1,400  rpm. 

When  the  reference  of  the  rotational  speed  was 
1,300  rpm,  the  rotational  speed  shown  in  Fig.  8a  went 
up  to  1,430  rpm  due  to  disconnection  of  the  load 


shown  in  Fig.  8b.  Regardless  of  that,  the  primary  side 
voltage  was  kept  constant  as  shown  in  Fig.  8c.  The 
amplitude  of  the  secondary  side  voltage  increased  as 
shown  in  Fig.  8d.  On  the  contrary,  before 
disconnecting  the  load,  the  rms  value  of  the  RSC 
output  current  was  15.6  A.  Then  this  current  decreased 
to  7.1  A  after  disconnection  of  the  load.  Figs.  8e  and 
8f  show  that  the  output  current  of  the  RSC  was  almost 
constant  irrespective  of  the  rotational  speed  after 
disconnection  of  the  load.  In  addition,  Fig.  8g  shows 
that  igci  decreased  from  1.5  A  to  1.0  A  after 
disconnection  of  the  load  because  the  active  power 
flowing  from  the  primary  side  to  the  dc-link  part 
decreased.  Additionally,  the  dc  link  voltage  went  up 
temporarily  at  disconnection  of  the  load  as  shown  in 
Fig.  8h.  The  peak  value  of  the  dc-link  voltage  was 
approximately  210V. 

On  the  other  hand,  when  the  reference  of  the 
rotational  speed  was  1,400  rpm,  the  rotational  speed 
shown  in  Fig.  9a  went  up  to  1,510  rpm  at 
disconnection  of  the  load.  Regardless  of  the  speed,  the 
primary  side  voltage  was  kept  constant  shown  in  Fig. 
9b.  Then  the  amplitude  of  the  secondary  side  voltage 
increased  after  disconnection  of  the  load  as  shown  in 
Fig.  9c.  On  the  contrary,  Figs.  9d  and  9e  show  that  the 
output  current  of  the  RSC  decreased  significantly  after 
disconnection  of  the  load.  In  addition,  Fig.  9f  shows 
that  Zgd  decreased  from  1.1  A  to  0.9  A  after 
disconnection  of  the  load,  which  is  smaller  than  the 
previous  results.  This  means  the  decrease  in  the  active 
power  flowing  from  the  primary  side  to  the  secondary 
side.  In  this  case,  the  dc-link  voltage  shown  in  Fig.  9g 
slightly  increased  when  the  load  was  disconnected. 
Load  current  is  shown  in  Fig.  9h. 

These  results  show  that  the  secondary  side  current 
did  not  become  overcurrent  when  the  load  was 
disconnected.  However,  the  rotational  speed  rose  due 
to  lag  of  the  gas  engine  response  performance  when 
the  load  was  disconnected.  That  makes  the  amplitude 
of  the  secondary  side  voltage  higher.  Therefore,  when 
the  reference  of  the  rotational  speed  is  high,  the  secondary 
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Fig.  8  Waveforms  of  disconnection  of  load  (400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed  was  1,300  rpm.  (a) 
primary  side  phase  voltage  vsa,  vsb,  vsc;  (b)  secondary  side  phase  voltage  vra,  vrb,  vrc;  (c)  RSC  output  current  ira,  irb,  irc;  (d)  RSC 
d-axis  output  current  ird  and  its  reference  ir/;  (e)  load  current  ia,  ik;  (f)  DFIG  rotational  speed;  (g)  GSC  d-axis  output 
current  igd  and  its  reference  igd*.  (h)  dc-link  voltage  vdc. 


side  voltage  can  become  high  after  disconnection  of 
the  load.  That  may  lead  to  fail  the  current  control  of 
the  RSC  due  to  lack  of  the  RSC  output  voltage. 

Eventually,  disconnection  of  the  loads  is  not  a 
serious  issue  to  continue  its  operation  of  the  genset. 
Therefore,  application  of  step  loads  has  been  merely 
verified  by  a  computer  simulation  in  the  next  chapter. 

4.  Simulation  Results  of  Stand- Alone  Operation 

In  this  chapter,  the  proposed  control  system  has 
been  validated  at  step-loading  by  computer  simulation 
using  software  PSCAD/EMTDC.  In  addition,  a  gas 
engine  has  been  expressed  as  a  simple  control  block 
diagram. 

4.1  Gas  Engine  Simulation  Model 

A  gas  engine  model  can  be  divided  into  an  energy 


conversion  part  and  a  mechanical  part.  The  energy 
conversion  model  is  referred  to  as  a  combustion 
model.  In  addition,  the  mechanical  model  is  referred 
to  as  a  governor  model.  In  the  governor  model,  using 
the  error  between  a  reference  speed  and  the  actual 
speed,  a  PID  controller  outputs  the  fuel  flow  rate  fg. 
On  the  other  hand,  in  the  combustion  model,  the  fuel 
is  converted  to  the  mechanical  shaft  torque.  The 
thermodynamics  of  the  combustion  process  is  quite 
complex.  However,  for  the  purpose  of  simulating 
dynamic  response,  the  essential  features  of  the 
combustion  part  can  be  fully  described  by  the  simple 
transfer  function: 

T«=K^f* 

where,  Td  is  the  average  shaft  torque,  Kg  is  the  gain,  zd 
is  the  time  delay  of  combustion  and  re  is  a  time  constant 


Step-Loading  Characteristics  of  Gas  Engine  Cogeneration  System  Using 
Doubly-Fed  Induction  Generator  in  Stand-Alone  Operation 


539 


Disconnection  of  load 


TilIK  (s) 


Time  (s) 


(h)  , 


Tmie  (s) 


Fig.  9  Waveforms  of  disconnection  of  load  (400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed  was  1,400  rpm.  (a) 
primary  side  phase  voltage  vm  vsb,  vsc;  (b)  secondary  side  phase  voltage  vra,  vrb,  vrc;  (c)  RSC  output  current  ira,  irb,  irc;  (d)  RSC 
d-axis  output  current  ird  and  its  reference  ird*;.  (e)  load  current  ila,  iB,  ik;  (f)  DFIG  rotational  speed;  (g)  GSC  d-axis  output 
current  igd  and  its  reference  igd*.  (h)  dc  link  voltage  vdc. 


representing  the  governor  and  combustion  process 
dynamics.  The  PID  controller  is  expressed  as  the 
following  form: 

r    _K  {l  +  sT2)(l  +  sT3) 


(i+ir2)(i+5r3) 


sT, 


Governor 
controller 


K, 


1  +  rs 


I 


7d 


The  block  diagram  of  the  PID  controller  and  gas 
engine  is  shown  in  Fig.  10. 

When  T3  is  tuned  to  be  equal  to  %c  and  Tj  is  set  to  be 
equal  to  T2,  the  open  loop  transfer  function  becomes: 


Engine 

Fig.  10  Block  diagram  of  PID  controller  and  gas  engine. 
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where,  K  is  the  product  of  Kj  and  Kg.  Then  the  block 
diagram  shown  in  Fig.  10  is  simplified  to  Fig.  11. 

Then  the  parameters  were  tuned  referring  to  the 
experimental  result  shown  in  Fig.  7f.  All  values  are  in 
p.u.  system.  Referring  to  the  rate  of  the  speed  decrease 


cox    Governor  controller  and  engine 
Fig.  11  Simplified  model  of  gas  engine  and  its  controller. 

after  the  step-loading,  the  angular  moment  of  inertia 
was  roughly  estimated  to  5  s.  Other  parameters  were 
tuned  by  cut-and-try  approach  to  agree  with  the  actual 
response  to  the  step-loading.  The  parameters  were 
determined  as  follows: 

%d-  40  ms; 

K:  2.1; 

Tf.  3.15. 


540 


Step-Loading  Characteristics  of  Gas  Engine  Cogeneration  System  Using 
Doubly-Fed  Induction  Generator  in  Stand-Alone  Operation 


In  this  study,  it  was  assumed  that  the  maximum 
output  torque  of  the  gas  engine  is  1.2  pu  (10.5  Nm). 
Therefore,  a  limiter  was  set  in  Figs.  10  and  11. 

4.2  Simulation  Conditions 

System  configuration  and  parameters  in  the 
simulation  were  set  to  be  same  as  the  experimental 
setup.  Steady-state  losses  were  represented  by  2  kQ. 
resistance  connected  in  parallel  to  the  primary  side  to 
agree  with  the  experimental  results.  The  reference 
speed  of  the  engine  was  set  to  a  constant  value  at  each 
simulation.  The  reference  value  was  changed  from 
1,000  rpm  to  1,600  rpm  by  100  rpm.  The  following 
constant  impedance  loads  were  used  for  the  purpose  of 
investigating  the  response  to  step  load  change:  100, 
200,  400  and  600  W. 

4.3  Application  of  Step  Load 

Typical  two  simulation  results  are  shown  in  the 
same  way  as  the  previous  experimental  results. 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,300  rpm; 

•  load:  400  W,  the  reference  of  the  rotational 
speed:  1,400  rpm. 

The  fonner  and  latter  results  are  shown  in  Figs.  12 
and  13,  respectively. 

In  the  case  of  the  reference  speed  of  1,300  rpm,  the 
genset  was  incapable  of  continuing  its  operation  at 
400  W  step-loading  as  shown  in  Fig.  12.  Since  the 
engine  torque  shown  in  Fig.  12a  lagged  behind  the 
DFIG  load  torque  shown  in  Fig.  12b,  the  DFIG 
rotational  speed  shown  in  Fig.  12c  went  down 
abruptly.  The  more  the  rotational  speed  went  down, 
the  more  the  losses  in  the  genset  increased  because  the 
increase  in  the  circulating  power  between  the  primary 
and  secondary  sides  caused  much  loss  in  energy 
conversion  part.  Eventually,  the  DFIG  load  torque 
exceeded  the  maximum  torque  of  the  engine.  The 
RSC  output  current  shown  in  Fig.  12d  reached  to  the 
limit,  which  resulted  in  losing  the  excitation  of  the 
DFIG.  Then  the  primary  side  voltage  shown  in  Fig.  12e 


h  30 
lime  (s) 

Fig.  12  Simulation  waveforms  of  application  of  step  load 
(400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed 
was  1,300  rpm.  (a)  primary  side  phase  voltage  vsa,  vsb,  vsc;  (b) 
RSC  output  current  im,  irb,  irc;  (c)  DFIG  rotational  speed;  (d) 
engine  torque;  (e)  DFIG  load  torque. 

went  to  zero  and  the  genset  stopped  supplying  the 
electric  power. 

On  the  other  hand,  in  the  case  of  the  reference 
speed  of  1 ,400  rpm,  the  genset  successfully  continued 
its  operation  after  400  W  step-loading  as  shown  in 
Figs.  13a  and  13b.  The  DFIG  load  torque  is  shown  in 
Fig.  13c.  The  engine  torque  shown  in  Fig.  13d  was 
able  to  prevent  from  the  large  decrease  in  the 
rotational  speed  shown  in  Fig.  13e  because  of  the  high 
reference  speed.  Therefore,  the  RSC  was  capable  of 
continuing  to  excite  the  DFIG. 

4.4  Discussion  about  Simulation  Results 

In  the  simulation,  the  torque  dynamics  that  was 
difficult  to  observe  in  the  experiment  was  emulated. 
The  operation  continuity  after  step-loadings  can  be 
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Fig.  13  Simulation  waveforms  of  application  of  step  load 
(400  W,  P.F.  =  1)  when  the  reference  of  the  rotational  speed 
was  1,400  rpm.  (a)  primary  side  phase  voltage  vsa,  vsb,  vsc;  (b) 
RSC  output  current  im,  irb,  irc;  (c)  DFIG  rotational  speed;  (d) 
engine  torque;  (e)  DFIG  load  torque. 

investigated  by  the  computer  simulation.  In  addition, 
the  torque  dynamics  can  be  observed  in  the  simulation. 
It  was  found  that  when  a  step  load  was  applied,  the 
required  transient  gas  engine  torque  was  larger  than 
the  steady-state  torque.  It  can  be  concluded  that  the 
engine  model  is  enough  to  simulate  the  actual 
dynamics  of  the  rotational  speed  as  shown  in  Fig.  7f. 

5.  Discussions 

In  our  study,  the  DFIG  whose  stator/rotor  turn  ratio 
is  6.38  has  been  used.  Due  to  this  high  ratio,  the 
secondary  side  voltage  became  small.  Therefore,  the 
RSC  output  current  became  quite  large  when  loads 
were  applied.  In  this  case,  upper  limit  of  the  RSC 


output  current  was  a  problem.  On  the  other  hand,  the 
upper  limit  of  the  RSC  output  voltage  did  not  matter. 
However,  the  stator/rotor  turn  ratio  of  the  DFIG  can  be 
designed  to  be  smaller  than  that  of  our  DFIG.  Then  the 
secondary  side  internal  induced  voltage  would  become 
higher  than  that  of  our  DFIG.  In  this  case,  the  RSC 
could  fail  the  current  control  for  lack  of  the  output 
voltage.  Therefore,  the  upper  limit  of  the  RSC  output 
voltage  will  be  an  issue.  On  the  other  hand,  the  upper 
limit  of  the  RSC  output  current  does  not  matter. 

6.  Conclusions 

In  this  paper,  transient  response  to  step  load  changes 
of  the  DFIG  applied  to  gas  engine  cogeneration  system 
in  stand-alone  operation  have  been  investigated. 

The  experimental  results  show  quantitatively  that  the 
higher  the  rotational  speed  was,  the  more  amount  of 
step  load  the  genset  was  capable  of  being  applied.  As  a 
typical  example,  two  experimental  results  were  shown 
in  this  paper.  When  the  reference  of  the  rotational  speed 
was  1,300  rpm,  the  RSC  tripped  due  to  overcurrent  after 
the  step-loading  of  400  W.  That  was  because  the 
rotational  speed  went  down  due  to  lag  of  the  gas  engine 
response  to  the  load  changes.  On  the  contrast,  when  the 
reference  of  the  rotational  speed  was  1,400  rpm,  the 
load  was  successfully  applied  to  the  genset  because  the 
lowest  speed  became  higher  than  the  previous  case.  The 
RSC  did  not  become  overcurrent.  Therefore,  it  has  been 
concluded  that  the  maximum  amount  of  step  load  is 
determined  by  the  reference  of  the  rotational  speed,  the 
rating  of  the  RSC  output  current  and  the  response 
performance  of  the  gas  engine. 

On  the  other  hand,  when  the  load  was  disconnected, 
the  RSC  did  not  become  overcurrent.  However,  because 
of  the  increase  in  the  slip  at  disconnection  of  the  load, 
the  secondary  side  induced  voltage  became  higher.  That 
could  lead  to  fail  the  RSC  control  due  to  lack  of  the 
RSC  output  voltage. 

In  the  simulation,  the  gas  engine  that  was  used  in 
the  experiment  was  modeled  by  the  simple  transfer 
function.  It  can  be  concluded  that  the  simple  model 


542 


Step-Loading  Characteristics  of  Gas  Engine  Cogeneration  System  Using 
Doubly-Fed  Induction  Generator  in  Stand-Alone  Operation 


developed  based  on  the  experimental  results  is 
sufficient  to  investigate  the  dynamics  of  the  rotational 
speed  when  step  load  is  applied.  The  simulation 
results  show  that  the  simulation  can  investigate  the 
operation  continuity  performance  at  step-loading. 

A  DFIG  driven  by  a  gas  engine  at  stand-alone 
operation  will  increase  the  maximum  amount  of 
allowed  step  load  compared  with  a  conventional 
constant  speed  synchronous  generator  because  the 
DFIG  is  capable  of  keeping  the  constant  output 
frequency  regardless  of  the  rotational  speed.  In  this 
paper,  the  operation  continuity  after  the  step-loading 
at  each  reference  speed  has  been  fully  investigated  and 
verified  that  the  maximum  amount  of  allowed  step 
load  increased  by  operating  at  a  high  rotational  speed. 
Therefore,  it  can  be  proposed  that  before  applying  a 
large  amount  of  step  load,  speeding  up  the  rotational 
speed  is  effective  to  continue  the  gas  engine  genset 
operation  after  the  step-loading.  Thus,  the  required  gas 
engine  capacity  will  be  smaller  than  a  conventional 
constant  speed  gas  engine  genset. 
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Abstract:  The  problems  of  current  highly  redundant  flight  control  system  are  analyzed  in  this  paper.  Our  study  gives  methods  of 
utilizing  other  information  to  reduce  physical  components  on  the  condition  of  meeting  the  reliability  requirements  for  flight  control 
system.  The  strategies  presented  in  this  paper  mainly  include  information  redundancy,  multi-thread,  time  redundancy,  geometry 
space  redundancy,  etc..  Analysis  and  simulation  show  these  non-hardware  based  methods  can  reduce  the  requirement  of  system 
hardware  level  and  thus  reduce  the  system  complexity,  weight,  space,  costs  and  R&D  (research  and  development)  time. 
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1.  Introduction 

It  is  without  an  exception  that  it  always  uses  highly 
redundancy  system  components  when  designing 
fly-by-wire  flight  control  system  for  big  aircraft.  Such 
as  Boeing  777  primary  flight  control  system  adopted  3 
identical  computer  control  channels  with  each 
including  3  dissimilar  lanes  in  each  channel,  and  a  total 
of  four  ACE  boxes,  each  of  them  drives  one  actuator  on 
either  of  the  two  elevators,  ailerons  and  rudders  [1,  2]. 
A330/A340  has  adopted  3  primary  computers  and  two 
secondary  computers  to  control  the  surfaces.  Each 
computer  has  two  lanes,  and  failure  of  one  lane  will 
result  in  that  computer  shutting  down,  or  at  least  be 
removed  from  the  execution  task.  The  redundancy 
comes  from  the  fact  that  each  control  surface  can  be 
driven  by  up  to  four  computers  [2].  C-17  military 
aircraft  flight  control  system  has  introduced  standard 
input-computer-output  quadrupled  architecture,  in 
which  every  computer  has  a  dual  processor  module  [3]. 
It    ensures    the    reliability    by    introducing  high 
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redundancy  of  hardware  configuration.  But  it  is  not  to 
say  the  bigger  redundancy  number,  the  better 
performance.  With  redundancy  number  increasing,  the 
corresponding  detection,  isolation  and  transition  device 
would  also  increase.  Because  the  effects  of  tandem 
relationship,  it  has  become  the  bottleneck  of  system 
reliability,  and  thus  downgraded  the  system  reliability. 
At  the  same  time,  redundancy  number  and  reliability 
do  not  have  a  linear  relationship  after  the  redundancy 
gets  to  a  certain  number,  and  then  the  increase  of  the 
reliability  with  the  increase  of  the  redundancy 
gradually  becomes  slower. 

The  current  highly  redundant  fly-by-wire  flight 
control  system  hardware  architecture  put  forward  a 
challenge  to  electrical  flight  control  system  design  for 
small  aircraft.  It  is  urgently  needed  to  reduce  the  flight 
control  system  weight,  costs  and  design  cycle  based  on 
the  satisfaction  of  system  reliability  requirements.  The 
purpose  of  this  paper  is  to  study  the  methods  which 
utilize  appropriate  redundancy  management,  fault 
detection  strategy  and  non  hardware  redundancy 
strategy  to  reduce  system  hardware  redundancy, 
making  it  possible  for  less  hardware  to  develop  higher 
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benefit,  and  provide  a  reference  for  the  design  of  low 
hardware  redundancy  flight  control  system. 

2.  Redundancy  Design  of  Low  Cost  Flight 
Control  System 

2.1  Considerations  of  Redundancy  Design 

Redundancy  number  mainly  depends  on  reliability 
index,  weight,  volume,  power  consumption,  cost  and 
the  level  of  redundancy  management.  The  increasing 
number  of  replicas  of  system  components  will  increase 
the  system  complexity,  weight,  space,  costs  and 
development  time.  The  increased  complexity  will 
accentuate  unplanned  task,  increase  maintenance  task, 
and  reduce  the  system  reliability.  Therefore,  reliability, 
weight,  space,  cost,  maintainability  and  design  cycle 
should  all  be  taken  into  consideration.  As  long  as  the 
system  requirements  are  met,  system  redundancy 
architecture  should  be  as  simple  as  possible. 

2.2  Reliability  Comparison  between  n  Select  1  and  2 
System 

If  a  system  successfully  performs  the  task  need  at 
least  k  out  of  n  redundancy  components,  this  system  is 
called  k/n  (G)  structure.  The  paper  only  compares  the 
theoretic  reliability  between  1/n  and  2/n  system. 

Suppose  the  probability  of  failure  for  every  channel 
is  q ,  then  chance  of  good  working  condition  is  1  -  q , 

According  to  Newton's  binomial  distribution,  then: 

[q  +  (l-q)Y  =Cy+Clq"-,(l-q)  +  --  + 

Clnq-k{\-q)k  +...  +  c;a-9)" 

It  needs  at  least  2  subsystem  effectively  for  simple 
parallel  systems  such  as  5  redundancy  system  (2/5  (G)), 
quadrupled  redundancy  system  (2/4  (G)),  triple 
redundancy  system  (2/3  (G))  and  dual  redundant 
system  (2/2  (G))  work  properly.  Reliability  expressions 
are  shown  as  follows: 

R2  =  C°5q5  +  C\q\\  -q)  +  C5Y(1  -  qf  +  C\q\\  -  qf  (2) 
Rl  =  C4V  +  C\q\\  -q)  +  Clq2{\  -  qf  (3) 
R^CW  +  CWd-q)  (4) 
Rl  =  cW  (5) 
It  needs  only  1  subsystem  effectively  for  simple 


parallel  systems  such  as  5  redundancy  system  (1/5  (G)), 
quadrupled  redundancy  system  (1/4  (G)),  triple 
redundancy  system  (1/3  (G)),  dual  redundancy  system 
(1/2  (G))  and  single  channel  system  work  properly. 
Reliability  expressions  are  shown  as  follows: 

R\  =  C°5q5  +  Cl5q4  (l-q)  +  C&  (1-qf 
+  Clq2(\-qf+Ctq(l-qf 
R\  =  Cy  +  C\q3  (\-q)  +  Clq\\-q)1+  C34q(l  -  qf  (7) 
Rl  =  C3V  +  C\q2  (1  -  q)  +  C2q(l  -q)1  (8) 
R'2=C°2q2+C'2q(l-q)  (9) 
R\  =  C»q  (10) 
The  general  expression  of  reliability  function  is: 

R(t)  =  exp[\'  A(t)dt]  (11) 

For  electronic  equipment,  it  generally  takes  X(t)  =  X 
(constant  failure  rate),  then  Eq.  (11)  becomes 
R(t)  =  e~M  ,  then  take  q  =  e~M  into  the  above 
expression  it  would  get  the  result  which  is  shown  in  Fig.  1. 

2.3  Redundancy  Management  Strategy,  Number 
Selection  and  Problems  to  being  Solved 

As  can  be  seen  from  Fig.  1,  to  2/n  system,  reliability 
increases  significantly  between  two  to  triple 
redundancy,  but  when  it  increases  to  four  or  five 
redundancy  configurations,  the  increase  of  reliability 
becomes  more  and  more  slowly;  to  l/n  system,  the 
largest  reliability  increase  rate  is  when  a  single  channel 
changes  to  two  redundancy  channels.  As  it  can  also  be 
found  that,  the  reliability  of  l/n  system  is  far  higher 
than  2/n  system,  the  reliability  of  1/2  system  can 
achieve  even  higher  than  that  of  2/4  system.  From  the 
above  analysis,  a  conclusion  can  be  drawn  that  1/2 
redundancy  configuration  is  the  best  choice  for  low 
cost  flight  control  system  design. 

However,  the  current  flight  control  system  of  all 
uses  the  idea  of  comparison  monitoring,  which 
includes  2/n  of  n  x  1  structure  and  l/n-2/k  of  n  x  k  (k  is 
2  or  3)  structures.  This  is  mainly  because  it  is  very  easy 
to  detect  faults  through  the  comparison  of  two  similar 
parts.  So  to  achieve  1/2  of  2  x  1  system  architecture, 
the  fault  detection  and  diagnosis  problems  of  two 
redundancy  or  non  redundancy  components  must  be 
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(a)  RVDT  (b)  LVDT 

Fig.  2    The  principle  of  displacement  sensor. 


solved.  The  following  text  will  study  fault  detection 
and  isolation  of  the  flight  control  system  based  on 
electrical  characteristics  of  part  types. 

3.  Typical  FCS  Components  Electrical 
Characteristic  Analysis 

3.1  Typical  FBW  FCS  Components  and  Usage 

The  electric/electronic  components  of  general 
Fly-by-wire  flight  control  system  consist  of  cockpit 
command  sensor,  surface  position  sensor,  aircraft 
motion  sensor,  flight  control  computer  and  actuator,  in 
which  flight  control  computer  also  cross-links  with 
other  system  through  analogue  wire  and  data  bus. 
Cockpit  command  sensors  are  mainly  used  to  feel 
three-dimensional  commands  which  come  from  pilots. 
Cockpit  command  sensor,  surface  position  sensor  and 
the  rod  sensor  of  the  actuator  all  belong  to 
displacement  measurement  devices.  For  RVDT  (rotary 
variable  differential  transformer)  and  LVDT  (linear 
variable  differential  transformer)  adopt  a  non-contact 
structure,  which  have  noiselessness,  high  sensitivity, 


high  repeatability,  high  reliability,  infinite  resolution, 
theoretical  infinite  life  and  good  high  frequency 
response  characteristics  [4].  Therefore,  they  are  almost 
used  for  all  displacement  measurements  of  the  flight 
control  system.  Aircraft  motion  sensors  includes  rage 
gyro  and  acceleration  sensors,  rate  gyro  is  used  to 
measure  the  aircraft  angular  rate  and  acceleration 
sensor  is  used  to  feel  the  acceleration  of  the  aircraft 
along  axis.  The  flight  control  computers  receive  all 
signals  from  sensors  and  cross-linked  systems,  and 
then  compute  command  to  control  actuator  according 
to  control  law.  Due  to  actuator  redundancy  always 
close  connection  with  control  surface,  therefore  its 
redundancy  simplification  is  not  considered  here. 

3.2  Analysis  of  the  Characteristics  of  Flight  Control 
System  Components 

3.2.1  Displacement  Sensor 

Two  types  of  displacement  sensor  are  always  used  in 
flight  control  system,  namely:  RVDT  and  LVDT.  The 
principle  of  RVDT  is  similar  to  transformer.  As  shown 
in  Fig.  2a,  when  inputting  sine  excitation  signal  to  the 
original  edge,  in  the  two  second  coils  which  generally 
have  the  same  circle  number  that  would  produce  the 
same  frequency  alternating  sine  signals.  When  turning 
the  core  of  the  sensor,  the  coupling  between  the  two 
vice  parts  changes,  thus  the  amplitude  of  the  two  parts 
changes  too.  When  the  zero  point  of  the  iron  core 
moves  to  the  center,  induced  electromotive  force  of  the 
two  parts  are  equal.  The  farther  the  iron  core  turns,  the 
bigger  induced  electromotive  force.  For  the  proportion 
relationship  between  the  turn  angle  and  the  output 
voltage,  therefore  the  displacement  or  angle  is  detected. 
The  working  principle  of  LVDT  and  RVDT  is  basically 
the  same,  which  is  shown  in  Fig.  2b. 

With  the  position  of  displacement  sensor  changing, 
the  amplitude  of  voltage  of  two  second  coil  changes  too. 
When  the  amplitude  of  the  second  coil  A  increases,  the 
amplitude  of  the  second  coil  B  will  decrease.  The 
difference  in  the  voltage  of  two  second  coil  is  working 
voltage  of  the  sensor.  The  output  of  the  voltage 
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summing  of  the  two  second  coil  is  always  constant  and 
it  does  not  have  any  connection  with  the  position  of  the 
iron  core. 

3.2.2  Aircraft  Motion  Sensors 

Aircraft  motion  sensor  includes  rate  gyro  and 
acceleration  sensor.  Rate  gyro  is  a  single 
degree-of-freedom  gyroscope  which  has  flexible 
constraints  and  damping  constraints.  The  precession 
motion  of  gyro  is  used  to  feel  aircraft  angular  rate 
which  is  around  the  aircraft  body  axis,  and  output 
electrical  signals  which  is  proportional  to  angular  rate. 
The  basic  principle  of  acceleration  rate  is  changing  a 
certain  mass  linear  accelerating  into  displacement 
aroused  by  force  measurement  or  inertia  moment,  and 
then  output  electric  signals  which  are  proportional  to 
linear  acceleration. 

3.2.3  Flight  Control  Computer 

The  flight  control  computer  is  the  core  of  flight 
control  system,  it  is  a  computing  device  for  system 
comprehension  and  control,  which  receives  a  variety  of 
sensors  and  other  system  input  signals,  completes 
control  law  calculation  and  then  controls  actuator 
movement.  Traditional  flight  control  system  generally 
uses  3  to  4  redundancy  centralized  flight  control 
computer  through  the  comparison  of  redundancy 
processor  or  computer  to  achieve  health  monitor  of 
flight  computers.  When  any  of  the  processor  modules 
or  servo  control  module  fault,  the  whole  computer 
source  would  be  lost. 

4.  Fault  Diagnosis  of  Low  Redundancy  Flight 
Control  Computer 

4.1  Modular  Computer  Architecture 

Modular  and  open  architecture  is  a  basic 
characteristic  of  new  generation  fault  tolerated  airborne 
computer  system.  The  modular  structure,  which  is 
based  on  a  high-speed  serial  backplane  bus  or  system 
bus,  enhances  the  system's  fault  isolation  ability, 
improves  tolerance  and  anti-destroying  ability  of  the 
system,  and  also  achieves  high  degree  sharing  of 
information.    The    open    structure,    which  makes 


testability,  maintainability  and  expansibility  function 
get  to  a  new  level. 

The  new  generation  of  airborne  fault  tolerant 
computer  system  has  the  redundancy  backup 
reconstruction  and  slowly  degradation  reconstruction 
ability  and  general  module  resources  are  consumed.  It 
can  arrange  the  surplus  resources  in  the  highest  priority 
function  according  to  the  flight  mission  requirement. 
The  whole  flight  control  system  functions  present  slow 
degradation  and  would  not  be  lost  completely,  which 
can  make  the  system  reliability  largely  improved  when 
compared  to  traditional  computer  architecture. 

4.2  Multi-thread  Fault  Diagnosis 

False  alarm  has  always  been  a  tough  issue  for 
fly-by-wire  flight  control  system.  The  application  of 
national  and  international  on-board  BIT  devices  shows 
that  transient  fault  is  one  of  the  main  causes  of  false 
alarm  of  BIT. 

The  N  version  program  is  a  more  effective  and 
cheaper  way  to  detect  transient  faults  in  airborne 
computers  than  other  fault-tolerant  solutions  that  use 
some  form  of  hardware  redundancy,  but  for  the 
real-time  requirement  that  it  is  not  a  good  choice  for 
flight  control  computers.  This  problem  can  be  solved 
by  a  recent  micro  architecture  innovation  called 
simultaneous  multi-threading.  Simultaneous 
multi-threading  leverages  the  fine-grain  scheduling 
flexibility  and  highly  parallel  micro  architecture  of 
superscalar  processors.  Often  there  are  phases  of  a 
single  program  that  do  not  fully  utilize  the  micro 
architecture,  so  sharing  the  processor  resources  among 
multiple  programs  will  increase  overall  utilization. 
Improved  utilization  reduces  the  total  time  required  to 
execute  all  program  threads  [5]. 

5.  Fault  Detection  for  Low  Redundancy 
Sensors  and  Actuators 

5.7  Information  Redundancy 

For  displacement  sensor  of  flight  control  system, 
monitoring  the  constant  voltage  summation  of  second 
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two  output  coil  can  be  used.  Wire  disconnected  or 
excitation  decreased  will  make  the  summation  VI  + 
V2  decreased  too,  if  the  difference  of  sum  voltage  and 
benchmark  voltage  exceeds  a  certain  threshold  which 
will  be  taken  as  a  failure  (fault  coverage  could  reach 
98%~99%)  [6].  LVDT  sensor  signal  acquisition  and 
online  monitoring  are  shown  in  Fig.  3. 

Normally,  self  checking  ability  would  design  for  rate 
gyro  too.  For  ground  testing,  DC  movement  circuit 
should  be  exerted  to  gyro  framework  detector  (namely 
torque  generator),  which  is  used  to  check  the  function 
of  inner  device,  the  flexible  rotation  degree  of  the 
framework,  the  good  working  condition  of  signal 
sensor  and  torque  winding.  For  continuous  monitoring 
or  set  gyro  motor  speed  detector  in  the  air,  AC  signals 
which  frequency  are  much  higher  than  the  system 
response  frequency  should  be  exerted,  and  supply 
speed  and  direction  of  motor  movement  to  the  monitor, 
then  shut  off  motor  power  when  gyro  motor  fails. 

5.2  Geometry  Space  Redundancy 

Because  some  system  has  some  inner  link,  as  long  as 
the  sensors  are  installed  in  the  system  according  to 
certain  relationships,  no  matter  whether  these  sensors 
are  the  same  type  or  not,  the  output  of  these  sensors 
then  can  consist  of  a  certain  relationship,  which  is 
called  parity  equation.  If  one  or  more  sensor  failed,  the 
relationship  of  the  output  signals  between  those  sensors 
would  be  destroyed. 

For  example,  the  parity  equation  of  angular  rate  gyro 
signals  p,  q  and  r  can  be  expressed  as  [7]: 
p  —  ((/>  + iff  sin  0)  »  0 

r-^cos^cos^  +  ^sin^)  ~0  (12) 
^-(^cos^-^cos^sin^)  »  0 
Among  them,  y/  is  course  angle  signal,  0  is  pitch 
angle  signal,  <f>  is  roll  angle  signal. 

VI 


For  dual  hardware  redundant  system,  the  difference 
between  of  the  two  output  signals  is  taken  as  a  parity 
equation. 

Also,  for  the  gyroscope  and  acceleration  sensors,  etc., 
this  can  construct  the  analytical  equation  according  to 
the  installation  of  the  sensors  in  geometry  space. 

As  shown  in  Fig.  4,  four  single -degree -of -freedom 
gyros,  3  is  installed  along  the  body  axis,  and  another  is 
installed  which  have  a  same  angle  a  =  45°  with  these 
3  ones,  thus  forming  the  lowest  geometry  space 
redundancy  architecture,  and  then  the  parity  equation 
can  be  expression  as: 

s, cosa  +  s2 cosa  +  s3 cosa - s4  »0  (13) 

It  gives  a  way  to  detect  a  failure  among  the  four 
sensors,  but  this  method  cannot  achieve  failure 
isolation. 

Different  installation  relationship  would  produce 
different  parity  equations.  An  optimal  installation  of 
six  single  freedom  direction  sensitive  sensors  are  given 
in  Ref.  [8],  which  insures  that  all  three  axis  information 
can  be  provided  so  long  as  any  3  of  the  6  sensors  is 
working  in  good  conditions.  One  or  two  times'  failure 
works,  three  times'  failure  safety  can  be  satisfied  by  the 
fault  detection  method  of  pure  hardware  comparison. 

5.3  Time  Redundancy 

5.3.1  Redundancy  Information  Based  on 
Extra-Time 

Sensor  faults  commonly  represent  as  the  signal 
abruptly  changes,  which  can  be  divided  into  sensor 
open-circuit  fault,  offset  fault,  short  circuit  fault,  locked 


Fig.  3    LVDT  online  monitor. 


Fig.  4  The  installation  relationship  between  4 
single-degree-of-freedom  gyros. 
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fault.  When  sensors  do  not  have  the  online  monitor 
function,  the  fault  detection  and  isolation  to  dual 
redundancy  or  single  sensor  can  be  achieved  through 
the  continuous  monitoring  sensor  signals  during  a 
certain  time  period. 

It  is  very  suitable  for  detecting  signal  mutations  due 
to  wavelet  function  has  local  time -frequency  analysis 
ability.  Research,  analysis  and  simulation  results  show 
that  wavelet  analysis  method  has  strong  ability  of 
detecting  failures  for  low  frequency  and  nonstationary 
signals,  which  do  not  need  the  supports  of  sensor 
models.  It  is  a  weak  model  based  fault  detection 
method,  very  suitable  for  online  sensor  fault  monitor. 
In  this  paper,  FIFO  buffer  is  used  to  store  a  particular 
period  of  sensor  data,  and  then  fault  is  detected  from 
these  data  based  on  wavelet  analysis  method. 

5.3.2  Wavelet  Analysis 

5.3.2.1  Principium 

Wavelet  function  is  defined  as:  support ^(r)  e  l2(R),  if 
the  Fourier  transform  ^(c)  meet  the  conditions, 


I  (//(»)  l: 


\<o\ 


-daxco 


(14) 


Then  ^(f)  is  called  a  basic  wavelet  or  wavelet 
generating  function,  Eq.  (14)  is  called  the  allowed 
condition  of  wavelet  function. 

The  continuous  wavelet  transformation  for  signal  s(t) 
is  defined  as: 

WTs(a,b)  =  A=r  s(tty\—)dt=<s(tX¥ah(t)>  (15) 
In  the  expression:  *— complex  number  conjugate. 

_I  ,_u 

Among   them,  ¥ab(t)  =  a1y/(  )(a>0,beR)  is  the 

a 

results  of  window  function  yr{t)  shifted  time  b  and 
scale  flexed  a. 

In  practical  applications,  especially  when 
implementing  in  computers,  continuous  wavelet  must 
be  discretized.  It  must  be  pointed  out  that  the  so-called 
discretization  is  not  for  time  variable  t,  but  for  the 
parameters  of  scale  and  displacement. 

If  scale  factor  and  displacement  factor  is  discrete 
according  to  power  index,  namely  take  as  »   =   a™  , 
b  =  nb„a"(a0,  b0  is  constant  number,  a0>l  ,    b0>0  ). 


Discrete  wavelet  transformation  is: 

DWTS  (m,  n)  =  J  s(t)y/'"-n  (t)dt  (16) 

The  discrete  mother  wavelet  function  is: 

¥"»{t)  =  a'"'  >(^<)  (17) 

Mallat  algorithm  is  a  fast  algorithm  of  wavelet 
transformation,  which  has  the  same  status  as  FFT 
algorithm  in  Fourier  transformation.  For  any  signal  on 
the  space  L2(R),  it  can  be  divided  into  low  frequency 
part  of  2"  and  high  frequency  part  of  2 ~J  (j-l,  2,... 
N  resolution  ratio. 

Take  c0O)  as  discrete  signal  of  a  sensor  for  a  certain 
period  time.  The  signal  of  the  sensor  one  dimension 
Mallat  pyramidal  decomposition  is  shown  in  Fig.  5. 

The  decomposition  formula  of  Mallat  algorithm  is: 
CjJn)  =  J]h(k-2n)c0(k)  (18) 

k 

«V*)  =  Zs(*-2«)c0(fc)  (19) 

k 

The  function  of  low  pass  filter  H  is  to  realize  the 
approximation  of  function  /(f)  to  C.  ;  the  role  of 
high-pass  filter  Gis  to  extract  the  detail  of/(f). 

It  can  be  known  from  above  that  wavelet  analysis 
technique  can  decompose  any  signal  (stationary  signal 
or  non-stationary  signal)  into  a  basic  function  which  is 
based  on  the  escalation  of  wavelet,  and  in  which  the 
information  is  integrated,  it  can  get  decomposition 
series  in  the  whole  frequency  which  is  distributed  in 
different  frequency  band,  and  has  a  local  analysis 
function  both  in  time  domain  and  frequency  domain. 
Therefore,  it  is  useful  and  effective  to  analyze  the 
singularity  and  singularity  position  of  signals  based  on 
wavelet  transformation. 

5.3.2.2  Simulation  of  Wavelet  Based  Fault  Detection 

Sensor  faults  generally  include  locked  fault,  gain 
changed  fault,  offset  fault,  all  of  which  are  performer 
as  signal  mutation.  For  the  length  reason,  only  one 
situation  is  simulated  here. 


Cj(n)  


h(n) 
Low  Pass  Filter 

1  ► 

g(n) 
High  Pass  Filter 

Fig.  5    Multiscale  analysis. 
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A  kind  of  four  single -degree-of-freedom  gyro  space 
configuration  is  given  in  Fig.  4.  Three  gyros  are 
installed  according  to  three  vertical  axis  and  another 
sensor  is  installed  which  has  a  same  angle  with  each  of 
them.  This  kind  of  configuration  can  get  a  parity 
equation. 

First,  assuming  that  si  occurs  offset  fault  at  100  s. 
Fig.  6  is  shown  that  through  parity  equation  the  fault  is 
detected  at  100  s,  but  it  cannot  be  isolated  and 
orientated.  Fig.  7  shows  through  the  application  of 
wavelet  analysis,  which  degrades  sensor  signals  into 
level  1  or  2  and  can  judge  si  suffering  a  fault  at  100  s. 
Then,  the  faulted  sensor  can  be  positioned  and  be 
isolated. 

Discrete  wavelet  transform  analyzes  the  stored 
sensor  data  then  judge  whether  the  sensor  is  fault  or  not. 
It  does  not  need  the  hardware  redundancy  of  sensor 
itself.  It  is  very  important  to  select  the  length  of  the  data 
storage  buffer.  The  lesser  of  the  selected  data  length, 
the  shorter  of  the  calculating  time  it  would  use.  At  the 
same  time,  correctness  is  also  decreased  with  the 
decrease  of  data  length.  The  length  should  be  selected 
based  on  computer  calculation  ability  and  its  control 
security  time  interval.  It  can  be  known  from  the 
simulation  that  16  data  length  can  be  used  to  judge  fault 
easily  based  on  the  condition  of  no  interference  and 
smaller  noise,  so  the  bigger  number  should  be  selected 
in  practical  application,  such  as  32. 
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Fig.  6    Offset  fault  is  detected  by  parity  equation. 
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(d)  Sensor  4 

Fig.  7   Offset  fault  is  detected  by  wavelet  analysis. 
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5.3.2.3  Analysis  of  Wavelet  Based  Fault  Detection 
Simulation  shows  that  wavelet  analysis  to  low 
frequency  nonstationarity  signal  fault  detection  has  a 
strong  ability  of  diagnosis.  Its  characteristic  is  to 
realize  the  signal  of  the  multi-resolution  analysis,  and 
is  convenient  for  the  overall  and  local  signal  to  score, 
this  regarding  the  fault  diagnosis  of  great  practical 
significance.  And,  the  wavelet  analysis  method  for 
sensor  fault  diagnosis  provides  an  effective  way,  and 
does  not  need  mathematic  model  of  the  system. 
Moreover,  wavelet  analysis  method  not  only  can  be 
realized  by  using  software,  but  also  can  be  realized  by 
using  hardware,  so  it  can  be  applied  in  real-time 
demanding  occasions,  and  it  provides  the  fault 
detection  and  diagnosis  algorithm  suitable  for 
applications  in  all  kinds  of  airplanes,  which  is  with  a 
great  practical  value  and  extensive  applicability. 

6.  Conclusions 

The  above  analysis  and  simulation  shows  flight 
control  system  redundancy  number  can  be  reduced  by 
making  the  best  use  of  every  redundancy  component, 
and  thus  fault  detection  and  isolation  for  low  hardware 
redundancy  is  becoming  very  important.  The  methods 
which  mentioned  in  this  paper  can  easily  achieve  flight 
control  system  components  fault  detection  and 
isolation  for  low  hardware  redundancy  configuration, 


thus  improving  flight  control  system  reliability  at  the 
same  time  reducing  the  hardware  redundancy  number. 
The  most  important  thing  is  that  these  methods  are  all 
mathematic  model  independent,  therefore  they  are 
suitable  for  all  kinds  of  aircraft,  so  they  have  great 
value  in  practice  and  can  be  widely  used. 
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Abstract:  This  proposal  aims  to  assess  the  market  introduction  of  advanced  technologies  for  the  production  of  2nd  generation  solid 
biofuels,  specifically  technologies  for  the  production  of  briquettes  and  pellets  from  agro-industrial  wastes.  The  development  of  this 
project  will  evaluate  the  socio-environmental  and  techno-economical  feasibility  and  use  of  2nd  generation  solid  biofuels  in  the  CMR 
(Campinas  Metropolitan  Region).  The  successful  introduction  of  second  generation  briquettes  and  pellets  to  market  depends,  mainly, 
on  two  aspects:  logistics  in  supply  chains  which  generate  waste,  and  the  efficiency  of  production  technologies.  The  study  of  logistics 
(supply  chain)  is  based  on  survey  data  of  the  main  productive  supply  chains,  analysis,  and  modeling  to  optimize  the  facility  location  in 
the  network  for  each  case.  The  evaluation  of  the  efficiency  of  production  technology  is  provided  by  testing  specially  designed  waste 
compacting  devices,  and  comparing  these  results  with  the  resulting  power  consumption  during  the  production,  in  demonstration-scale, 
of  a  round  of  briquettes.  The  costs  and  consumption  during  the  demonstration-scale  production  of  briquettes  are  used  for  validation  and 
correction  of  an  optimization  model.  This  project  was  approved  in  late  2012  with  a  period  of  two  years  for  its  implementation.  Later  in 
2013,  it  was  decided  also  to  extend  its  implementation  to  the  Metropolitan  Region  of  Manaus,  Amazon.  Due  to  its  recent  beginning,  the 
results  shown  here  are  only  preliminary. 

Key  words:  Supply  chain  management,  energy  efficiency,  environmental  management,  logistic,  renewable  energy,  biofuels. 


1.  Introduction 

Today  Brazil  is  the  world  leader  in  the  use  of 
renewable  energy,  specifically  biofuels.  A  simple 
comparison  between  the  composition  of  the  Brazilian 
and  the  world's  energy  matrices  is  enough  to  confirm 
this  statement.  The  percentage  of  renewable  energy  in 
the  world  is  15%  (Fig.  1),  but  in  Brazil  it  is  43%.  The 
percentage  of  bioenergy  in  the  composition  of  the 
global  energy  matrix  is  only  12%  while  in  Brazil  it  is 
30%.  Brazil  is  the  second  leading  ethanol  producer  in 
the  world,  and  it  has  approximately  30  million  FFVs 
(flex-fuel  vehicles),  which  is  the  largest  fleet  in  the 
world  today  [1].  With  its  national  program  for  the 
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production  and  use  of  biodiesel  [2],  Brazil  became  the 
first  Latin  American  country  to  implement  this  kind  of 
program.  This  privileged  situation  represents  a  great 
opportunity  for  Brazilian  enterprises  to  expand  the  use 
of  biofuels  in  social  practice,  and  export  not  only 
commodities,  but  also  biofuel  production  technologies. 

2.  Importance  of  Second  Generation  Solid 
Biofuels 

Just  a  cursory  look  at  agribusiness  in  Brazil  and  one 
can  quickly  identify  at  least  nine  supply  chains  with 
vast  potential  to  convert  solid  waste  residues  into 
briquettes  and  pellets  (second  generation  solid 
biofuels).  These  agribusinesses  include  sugar  cane, 
corn,  cassava,  citrus,  wheat,  rice,  coffee,  timber,  soy 
and  coconut.  All  of  them  must  be  studied  in  detail  in 
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Fig.  1   Energy  matrix  composition  utilized  by  the  world  vs.  Brazil. 

order  to  decide  whether  it  is  possible  to  utilize  the 
energy  or  not,  and  to  adopt  the  adequate  logistics 
strategies  for  those  which  are  feasible.  The  total 
agricultural  waste  produced  in  Brazil  in  2008  was  as 
follows  [3]:  corn:  70.814  x  106  tons;  cassava:  56.887  x 
106tons;  wheat:  1.354  x  106  tons;  citrus:  10.384  x  106 
tons;  sugarcane-trash:  220.651  x  106  tons.  According 
to  the  survey,  which  contained  data  collected  on  solid 
waste  from  Brazilian  states,  most  of  these  residues  are 
not  adequately  treated.  As  a  rule,  their  disposal  is  done 
by  using  inappropriate  procedures  [4].  In  most  cases, 
the  waste  is  deposited  in  landfills  untreated,  or  simply 
left  to  accumulate,  often  polluting  the  water,  air  and 
soil.  If  the  residues  mentioned  above  were  used  in  solid 
biofuels  production,  many  new  jobs  would  be 
generated  in  supply  logistic,  manufacturing,  and 
distribution  logistic,  meanwhile,  simultaneously 
avoiding  the  negative  enviromnental  impacts. 
Moreover,  the  gas,  firewood  and  charcoal  can  be 
substituted  by  briquettes  and  pellets  produced  from 
agricultural  residues,  creating  the  possibility  of 
self-financial  management  concerning  relevant  carbon 
credits.  A  ton  of  firewood  has  a  price  between 


$300.00-$325.00  USD.  These  figures  make  it  easy  to 
see  that  even  without  considering  the  possibility  of 
carbon  credits  each  year,  Brazil  is  throwing  away 
millions,  perhaps  tens  of  millions  of  USD. 

2. 1  Context  of  the  Problem 

The  CMR  is  composed  of  1 9  municipalities  (Fig.  2), 
and  it  has  an  area  of  3,673  km2  and  a  population  of 
2,798,477  inhabitants.  In  the  CMR  there  are  over  9,362 
companies  which  are  potential  consumers  of  briquettes, 
either  for  cooking  food  or  for  kilns  factories  which 
produce  different  types  of  ceramic  materials.  In 
Campinas  there  are  more  than  272  facilities  with  the 
capacity  to  supply  feedstock  for  the  production  of 
briquettes  and  pellets  [5].  These  enterprises  have  a  staff 
of  48,272  employees  and  their  annual  salary  budget  is 
more  than  $265  million  USD.  In  Campinas  alone  (the 
largest  municipality  of  the  CMR),  which  has  an 
excellent  road  network,  there  are  3,346  hotels, 
restaurants  and  small  food  stores  registered  with 
16,089  employees  and  a  wage  budget  of  $68,062 
million  USD  [6].  Currently,  most  of  these  enterprises 
use  fossil  fuels,  firewood,  or  charcoal  for  cooking  and 
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Fig.  2   CMR  administrative  division  map. 

water  heating  (the  latter  two  are  derived  from  wood 
from  deforestation).  The  option  to  use  these  types  of 
fuels  is  derived  from  a  historical  practice  which  has 
proven  its  environmental  unsustainability,  and  persists 
due  to  a  lack  of  competitive  renewable  fuel  alternatives 
in  Brazil.  The  government  of  the  state  of  Sao  Paulo  and 
also  the  municipality  of  Campinas  are  interested  in 
improving  and  preserving  the  environment  [7,  8]. 
Moreover,  the  state  of  Sao  Paulo  is  the  largest  producer 
of  agricultural  waste.  In  the  CMR  alone  there  are  over 
297  companies  that  produce  agricultural  waste 
(excluding  pulp  mill  facilities).  Of  these,  272  are 
timber  facilities  and  they  generate  149,676,000 
tons/year  of  waste.  The  remaining  25  companies  are 
rice  mills  that  produce  between  720  and  2,400 
tons/year  of  rice  husk.  In  Sao  Paulo  City  there  are  two 
large  industries  that  produce  4,320  tons/year  of  rice 
husk,  while  4,520  t  of  this  product  are  produced  in 
Campinas  each  year  [9].  Currently,  most  of  these 
companies  do  not  have  a  proper  system  for  solid  waste 
disposal,  and  in  many  cases  soil  and  water 
contamination  and  air  pollution  have  occurred.  Taken 


together,  this  means  that  annually  a  vast  number  of 
residues,  with  high  energy  content,  are  generated  in  the 
CMR,  and  they  could  be  used  to  manufacture 
briquettes/pellets,  and  thus  replace  the  use  of  fossil 
fuels,  wood,  and  charcoal  in  consumer  enterprises  in 
Campinas. 

3.  The  Solution  and  Limits  to  the  Supply 
Chain  Problem 

Given  the  multitude  of  factors  concerning  the  issue 
and  their  complicated  interrelationships  within  the 
framework  of  this  project,  it  is  impossible  to  claim  a 
total  and  definitive  solution.  Therefore,  this  project 
aims  through  the  study  and  analysis  of  the  supply 
chains  that  generate  agro-industrial  residues  in  the 
CMR  to  identify  which  of  them  are  better  for  the 
production  of  solid  biofuels.  This  project  also  aims  to 
carry  out  a  feasibility  study  of  manufacturing  second 
generation  briquettes,  which  can  be  substituted  for 
fossil  fuels,  wood,  and  charcoal  in  consumer 
enterprises  in  the  CMR.  Filling  the  gaps  in  expertise  on 
the  feasibility  of  the  use  of  solid  biofuels  in  the  CMR, 
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the  publication  and  dissemination  of  research  results 
from  this  work  will  undoubtedly  help  to  eliminate  the 
distrust  of  investors,  and  justify  and  encourage  the 
sustainable  development  of  this  region. 

3.1  Working  Hypotheses  and  Prediction  of  Impacts 

Considering  the  results  of  preliminary  studies 
carried  out  during  the  development  of  this  proposal, 
and  the  experience  of  over  twenty  years  of  work  on  the 
subject,  the  following  working  hypotheses  were 
prepared: 

(1)  Given  the  geographic,  demographic, 
technological  and  logistic  facilities  existing  in  the 
CMR:  it  is  feasible  to  use  the  agro-industrial  waste 
from  the  existing  supply  chains  of  major  commodities 
for  the  production  of  2nd  generation  solid  biofuels. 

(2)  Given  that  the  materials  and  processes  utilized  in 
this  study  are  low  cost,  also  considering  the  geographic, 
demographic,  technological  and  logistic  facilities  of 
the  CMR: 

Optimal  locations  can  be  found  for  the  production 
facilities  for  2nd  generation  solid  biofuels  in  those 
supply  chains,  which  aid  in  their  techno-economical 
feasibility. 

(3)  Although  the  amount  of  waste  generated  by 
businesses  in  the  CMR  is  large,  more  than  90%  of 
companies  in  the  CMR  are  micro,  small  and  medium 
enterprises.  This  is  translated  to  inherent  losses  due  to 
the  seasonal  nature  of  most  crops.  Overcoming  this 
contradiction  is  not  always  understood  by  investors, 
who  generally  do  not  have  or  are  unaware  of  the 
technological  possibilities  existing  in  Brazil.  This 
indicates  the  necessity  of  a  study  of  each  supply  chain, 
taking  into  consideration  the  location  of  new 
developments  and  technologies  for  the  production  of 
briquettes,  and  then  adapting  the  reality  of  the 
production  scale  to  small  businesses:  It  is  possible  to 
overcome  the  constraints  of  raw  material  availability  in 
the  supply  chain  for  the  production  of  briquettes, 
through  the  use  of  extrusion  technology  proposed  in 
this  project,  and  simultaneously  to  guarantee  high 


efficiency  in  the  production  process. 

3.2  Prediction  of  Impacts 

Because  the  product  engineering  (briquetting  and 
pelletization)  is  known,  and  considering  that  the  raw 
material  is  safe  to  use  from  the  point  of  view  of 
greenhouse  gases  emissions,  it  is  not  expected  that  the 
manufacture  of  briquettes/pellets  starting  from 
agro-industrial  residues  will  introduce  new  negative 
impacts,  beyond  those  already  existing  today.  The 
practical  implementation  of  the  knowledge  generated 
by  this  project,  in  addition  to  the  environmental 
benefits,  will  insure  the  following  positive  impacts:  (1) 
increased  technological  energy  efficiency  and 
improved  combustion  in  boilers  and  furnaces  due  to  the 
lower  moisture  content  of  the  briquettes/pellets;  (2) 
techno-economic  benefits  including  the  possibility  to 
extend  the  use  of  agricultural  waste  energy  in  the 
off-season;  (3)  financial  savings  by  the  replacement  of 
fossil  fuels;  (4)  socioeconomic  benefits  including  job 
creation  for  the  collection  and  transportation  of 
biomass,  construction  of  production  facilities,  and 
direct  employment  in  the  manufacturing  of 
briquettes/pellets. 

4.  General  Project  Objective 

To  assess  the  techno-economic  feasibility  and 
socio-environmental  sustainability  of  solid  biofuels 
production  from  agro-industrial  waste  in  the  CMR, 
taking  into  consideration  the  main  supply  chains 
existing  in  this  region. 

4.1  Project  Specific  Objectives 

This  general  objective  can  be  broken  down  to  eight 
more  specific  objectives  that  would  together  achieve 
the  overall  goal  of  the  project  as  follows: 

(1)  to  study  the  potential  suppliers  of  agro-industrial 
residues  of  the  main  supply  chains  in  the  CMR  (rice 
husk,  coffee  husk,  sawdust,  bagasse  and 
sugarcane-trash) ; 

(2)  to  analyze  and  select  the  three  supply  chains  with 
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the  largest  potential  and  superior  conditions  for  the 
collection  of  waste.  This  involves  the 
physical-chemical  characterization  of  residues  from 
selected  supply  chains,  and  their  conversion  to 
briquettes  and  pellets; 

(3)  short  and  medium  term  forecast  for  the  demand 
for  briquettes/pellets  in  the  selected  companies  of  the 
CMR.  Determine  the  long-term  forecast  for  the 
demand  for  briquettes  in  the  best  of  the  analyzed 
companies.,  from  the  feasibility  point  of  view; 

(4)  development  of  profit  optimization  models 
(operational  research); 

(5)  experimental  determination  of  energy 
consumption  during  the  production  of  briquettes  and 
pellets  from  residues  from  the  selected  supply  chains; 

(6)  comparison  of  the  results  obtained  during  the 
compaction  assays  under  ideal  conditions  with  the 
results  obtained  during  the  production  of  a  round  of 
briquettes  in  the  demonstration  scale,  to  evaluate  the 
efficiency  of  the  technology  and  validate  the 
optimization  model; 

(7)  estimation  of  the  technical  and  economic 
feasibility  of  briquette  production  in  commercial  scale, 
in  the  supply  chains  of  the  CMR; 

(8)  publication  of  partial  and  final  results  in 
specialized  journals  on  the  issue. 

5.  Solution  Algorithm:  Its  Steps  and  Particularities 

The  solution  algorithm  is  shown  in  Fig.  3.  Basically 
the  algorithm  is  composed  of  four  steps. 

In  the  1st  step,  which  also  includes  the 
physical-chemical  characterization  and  quality  control, 
the  assessment  concerning  techno-economical 
requirements  is  carried  out  by  using  the  formula  (1): 

GrPM  =  ^  Pr  k 


ICC  c_;_. 


Sales 

(Zp/+ZrcoS?+S^+Sc+2c/?)(i) 

11  111 
where,  GrPM  =  Average  Gross  Profit  (profit  before 
tax  discount);  Price  sales  =  sale  price  of  the  main  product 
in  the  supply  chain;  Pf=  price  of  feedstock  suppliers; 


TCost =  transportation  costs  of  the  main  products  in  the 
supply  chain;  TR  =  costs  of  transporting  the  residues;  C 
=  costs  related  to  manufacturing  and  distribution  of  the 
main  product  of  the  supply  chain;  CR  =  costs  related  to 
manufacturing  and  distribution  of  biofuels  starting 
from  residues;  m  =  quantity  of  feedstock  suppliers;  n  = 
number  of  travels  to  guarantee  feedstock  for  main 
product;  I  =  number  of  travels  to  guarantee  residues; 
<p=  total  quantity  of  costs  concerning  manufacturing  of 
the  main  product;  v=  total  quantity  of  costs  concerning 
biofuels  production  starting  from  residues. 

The  analyses  used  in  the  physical-chemical 
characterization  of  the  residues  in  the  1st  step  and  their 
relevant  standards  are  shown  in  Table  1 . 

Because  there  are  not  yet  Brazilian  standards  on  the 
quality  of  briquettes  and  pellets,  as  a  rule  these 
parameters  are  assessed  by  using  standards  from  the 
European  Union  [9]. 

The  optimization  model  developed  in  the  2nd  step  is 
a  Linear  Programming  method  (Simplex  Method;  in 
formula  2).  The  comparison  is  based  on  Ref.  [9]. 

The  constrictions  related  to  the  Linear  Program  system 
Eq.  (2)  are  specific  for  each  type  of  residue  studied. 

n  n  m 

MinJ^  f.y.  +  >    >  /)  e  v 


ST 

n 

I 


=  1  para  7  =  1,. 

2  DiXV  -  Ki  yi  —  —  i  =  1>- 
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7=1 

W,  e(0, 1) 

where,  n  =  number  of  locations  for  briquettes/pellets 
facilities  construction;  m  =  number  of  clients;  Dj  = 
year  demand  of  the  market  j;  Kj  =  annual  capacity  of 
the  facility  i;  ft  =  fixed  operational  costs  if  facility  i  is 
open;  cy  =  production  and  handling  costs  from  i  facility 
to  j  market  (costs  including  production  cost,  stocks  cost, 
and  transportation);  y,  =  1  if  facility  y  is  localized  in  i, 
otherwise  0;  x;j=  1  if  market  j  is  stocked  by  the  facility  i, 
otherwise  0. 
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Fig.  3   Algorithm  for  problem  solution. 
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Table  1  Analyses  used  in  the  physical-chemical  characterization  of  the  residues. 


Tested 
residues 

Characterization  technique 

Measuring  and  control  equipment  used 

References 

Elemental  analysis 

Device:  Perkin  Elmer-Series  II  2400.  Laboratory  glassware 

[10] 

Residues 

from 

selected 

supply 

chain 

Moisture  content 

Analytical  balance  type  (AB204).  Max  Capacity-220  g. 
Min-10  mg.  Read  -1  mg,  precision  0.01  mg.  Muffle  1,200 
°C,  precision  -10  °C,  Furnace  600  °C.  Laboratory  glassware. 
Set  of  tyler  sieves 

[11] 

Proximate  analysis 

Test  methods  for  gross  calorific 

value  bomb  calorimeter 

90-4070-27,  Parr  oxygen  bomb  1,1 08P 

[12] 
[13] 

Bulk  density 

Author  experimental 
procedure  adapted  from  [14] 

Calibrated  recipient  0.005  mJ;  analytical  balance; 
laboratory  glassware 

Fig.  4   Compression-traction  testing  station. 

During  the  3rd  step  laboratorial  experiences  are 
carried  out  to  determine  the  theoretical  limits  of  energy 
consumption.  Figs.  4  and  5  show  the  equipment  and  the 
procedure  used. 

During  the  3rd  step,  the  production  in 
demonstration-scale  of  a  round  of  briquettes  is  made 
using  an  extrussion  briqueting  machine  (Fig.  6). 

In  the  4th  step,  the  techno-economical  assessment  is 
carried  out  through  added  value/added  cost  analysis.  In 
this  step,  the  main  techno-economical  performance 
indicators  are  determined:  Cash  flow  analysis;  Payback 
time,  Profitability  Assessment  by  means  of  NPV  (net 
present  value)  and  IRR  (investment  return  ratio). 

6.  Expected  Results 

•  estimation  of  potential  demand  of  briquettes/pellets 
for  the  CMR  businesses  in  the  short,  medium  and  long 
terms. 


\ 


Fig.  5  Compression  of  biomass  residues  in  the  briquetting 
test  device. 
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Fig.  6  Extrussion  briqueting  machine. 

Source:  Courtesy  of  alternative  fuel  group  UNICAMP 

•  detailed  survey  of  potential  feedstock  suppliers  for 
the  production  of  briquettes/pellets  from  waste  in  the 
CMR. 

•  determination  and  classification  of  supply  chains 
with  greater  feasibility  potential  for  energy  recovery 
from  agro-industrial  residues  in  the  CMR. 

•  development  of  optimization  models,  specific  for 
the  selected  supply  chains. 

•  development  of  new  knowledge  about  the  process 
of  waste  compaction,  and  the  costs  involved  with  this 
physical  phenomenon. 

•  determination  of  the  efficiency  of  reserves  that  can 
still  be  exploited  by  the  extrusion  technology. 

•  estimation  of  the  technical  and  economic  feasibility 
and  socio-enviromnental  production  of  briquettes  in 
the  CMR. 

•  publication  of  partial  and  final  results  in  the 
specialized  indexed  journals. 

7.  Conclusions 

The  development  of  this  project  will  evaluate  the 
socio-environmental  and  techno-economical  feasibility 
and  use  of  2nd  generation  solid  biofuels  in  the  CMR. 

The  practical  implementation  of  the  knowledge 


generated  by  this  project,  in  addition  to  the 
environmental  benefits,  will  insure  the  following 
positive  impacts:  (1)  increased  technological  energy 
efficiency  and  improved  combustion  in  boilers  and 
furnaces  due  to  the  lower  moisture  content  of  the 
briquettes/pellets;  (2)  techno-economic  benefits 
including  the  possibility  to  extend  the  use  of 
agricultural  waste  energy  in  the  off-season;  (3) 
financial  savings  by  replacement  of  fossil  fuels;  (4) 
socioeconomic  benefits  including  job  creation  for  the 
collection  and  transportation  of  biomass,  construction 
of  production  facilities,  and  direct  employment  in  the 
manufacturing  of  briquettes/pellets. 
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Abstract:  Power  systems  are  the  largest  and  most  complex  human  made  systems,  consisting  of  thousands  of  electrical  sources,  loads, 
transmission  and  distribution  lines,  power  transformers,  circuit  breakers,  etc.  where  faults  always  occurred.  Faults  can  cause  personnel 
and  equipment  safety  problems,  and  can  result  in  significant  disruption  to  power  supply  and  thus  financial  losses.  In  this  paper  we  will 
present  comprehensive  mathematical  suite  to  detect  and  classify  fault  dependent  models  of  various  types  of  power  systems.  This  work 
will  extract  fault  unique  signatures  by  using  polarization  ellipse  during  the  healthy  condition  and  the  polarization  will  be  circular  shape 
with  radius  equal  the  rated  voltage  of  the  system,  but  during  the  fault  condition  the  polarization  will  be  ellipse  shape  and  the  fault 
signature  will  be  defined  according  the  ellipse  parameters  major  axis,  minor  axis,  ellipticity  and  orientation  angle,  by  using  least 
squares  criterion  will  define  the  ellipse  parameters  this  system  will  identify  and  classify.  This  paper  will  be  a  milestone  for  extended 
paper  based  on  the  proposed  mathematical  modelling  and  applying  it  to  identify,  classify  and  localize  with  simulation  model. 

Key  words:  Distribution  systems,  major  axis,  minor  axis,  ellipticity,  fault,  ellipse,  least  squares  criterion. 


1.  Introduction 

There  is  a  trend  that  the  power  distribution  systems 
now  served  by  large  power  generators  will  be  enhanced 
with  more  DG  (distributed  generator)  architectures  are 
less  restrictive.  Fault  detection  has  been  a  focal  point  in 
the  research  of  power  systems  area  since  the 
establishment  of  electricity  transmission  and 
distribution  systems.  The  objectives  of  a  power  system 
fault  analysis  is  to  provide  enough  information  to 
understand  the  reasons  that  lead  to  an  interruption  and 
to,  as  soon  as  possible,  restore  the  handover  of  power, 
and  perhaps  minimize  future  occurrences  if  possible  at 
all.  Analysis  should  indeed  provide  us  with  an 
understanding  of  the  network  that  can  lead  to 
producing  a  set  of  preventive  measures  which  can  be 
implemented  to  reduce  the  likelihood  of  equipment 
damage.  Circuit  breakers  and  other  control  elements 


Corresponding  author:  Omar  A.  Saraereh,  Ph.D.,  research 
fields:  renewable  energy  and  RF  energy  harvesting.  E-mail: 
eloas2@hu.edu.jo. 


are  designed  to  help  protective  relays  to  take 
appropriate  actions  [1,2]  and  thus  minimize  damage 
and  length  of  interruption.  Prompt  detection  of  a  fault 
will  have  a  significant  impact  on  the  equipment  safety 
since  it  will  engage  the  circuit  breakers  instantaneously 
and  before  any  significant  damage  occurs.  In  recent 
years,  with  an  increase  in  the  number  of  power  system 
networks  within  one  control  center,  the  behavior  and 
effect  of  faults  became  more  complex  and  as  a  result, 
fault  impacted  area  has  expanded.  Researchers  in 
applied  mathematics  and  signal  processing  have 
developed  many  techniques  for  the  detection  and 
classification  of  faults  in  traditional  electrical  power 
distribution  systems  and  used  them  in  conjunction  with 
relaying  and  protection  devices.  Recent  tools  include 
ANN  (artificial  neural  network)  and  Wavelets  among 
other  powerful  pattern  recognition  and  classification 
tools.  ANN  based  algorithms  depend  on  indentifying 
the  different  patterns  of  system  variables  using 
impedance  infonnation.  The  proposed  neural  network 
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architectures  suffer  from  a  large  number  of  training 
cycles  and  a  high  computational  burden.  Another 
significant  drawback  for  using  ANN  is  that  the 
resolution  is  not  efficient  since  it  can  be  a  very  sparse 
network  with  the  need  for  a  large  size  training  data 
adding  an  additional  burden  on  its  computational 
complexity  [3-6].  Wavelet  transform  has  been 
proposed  by  many  to  decompose  voltage  and  current 
waves  in  an  effort  to  identify  a  fault.  It  has  been 
reported  that  wavelet  transform  based  methods  for  fault 
detection  are  fast  and  effective  analysis  methods  [7]. 
Others  incorporated  wavelet  transform  with  other 
methods  such  as  PNN  (probabilistic  neural  network), 
adaptive  resonance  theory,  adaptive  neural  fuzzy 
inference  system  and  support  vector  machines  [8-11]. 
Fuzzy  logic  was  also  combined  with  discrete  Fourier 
transform,  adaptive  resonance  theory,  principles  of 
estimation  and  independent  component  analysis  to 
enhance  performance  [11-16].  In  comparison  with 
ANN,  fuzzy  logic  systems  are  subjective  and  heuristic 
and  in  general,  they  are  simpler  than  the  wavelet 
transform  or  the  neural  network  based  techniques. 
Unfortunately,  most  of  the  available  tools  for  fault 
detection  and  classification  are  not  efficient  and  are  not 
investigated  for  real  time  implementation  [4].  There  is 
a  need  for  new  algorithms  that  have  high  efficiency, 
general  applicability,  and  suitable  for  real  time  usage 
especially  for  power  distribution  system  with  high 
penetration  of  renewable  energy.  This  research 
proposes  a  protection  scheme  to  classify  the  fault  in  a 
distribution  network  with  renewable  energy  DG 
penetration. 

2.  The  Polarization  Ellipse 

2. 1  Introduction 

Rotary-spectrum  and  polarization  analysis  are 
widely  used  in  a  number  of  research  areas,  including 
optics,  geophysics,  meteorology,  oceanography  and 
radar  [17].  These  techniques  were  originally  developed 
for  stationary  signals.  Their  starting  point  is  the 


(1) 


Cramer-Loeve  spectral  representation  for  a  complex 
harmonizable  random  process,  to  understand 
polarization  ellipse  we  are  considering  the  simplest 
case  which  is  monochromatic  and  deterministic.  Its  real 
and  imaginary  parts  are  then  given  by: 

Ex(t)  =  E0xcos(  (Ot  +  (px) 
Ey ,(0  =  E0} ,cos(  (ot  +  (py) 
the  components  and  give  rise  to  a  resultant  vector  in  the 
transverse  x-y  plane.  The  resultant  vector  describes  a 
locus  of  points  whose  form  (equation)  is  now 
determined.  In  order  to  derive  the  equation  described, 
Eq.  (1)  are  written  as: 


■  =  cos(&>  t)  cos  {<j>x )  -  sin(&>  t )  sin(^t ) 


EM) 


(2) 


;  cos(&>  t )  cos  {<j>  )  -  sin(&>  t )  sin(^  ) 


By  straightforward  algebra  the  following  relation 
can  then  be  found: 

<P  =  <Py~(Px 

Eq.  (4)  is  recognized  as  the  equation  of  an  ellipse  and 
shows  that  at  any  instant  of  time  the  locus  of  points 
described  by  an  ellipse,  in  particular,  is  called  the 
polarization  ellipse. 

As  shown  in  Fig.  1,  the  ellipse  has  three  major 
parameters,  major  axis,  minor  axis  and  a  common 
parameterization  uses  the  orientation  angle,  y/,  the 
angle  between  the  major  axis  of  the  ellipse  and  the 
x-axis  as  shown  in  Eq.  (5)  [18]. 


EM 


sin(  q>  ) 


EM) 


sin(  (px)  =  cos(  cat)  sin(  <p  -  <px) 


(3) 


E  (t)  E  (t) 

-=, —  cos(  <py )  -     —  cos(  q>x )  =  sin(  at)  sin(  <py  -  q>x ) 
Square  Eq.  3  and  add  the  two  equations  then  yield: 


em)  ,  e;m) 

P  2       +  Fl 

C0i  ^Oy 


y/  =  tan 


nEz(t)E,(t)  ,  ,  .  2.  .  (4) 
2 — = — d-  cos(^)  =  sm  {<p)  ' 


E0iE0  y 


2Ex(t)E(t) 


cos(  <p) 


(5) 


And  the  ellipticity  (e),  the  minor  to  major  axis  ratio 
(also  known  as  the  axial  ratio)  as  shown  in  Eq.  (6): 


s  = 


(6) 
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Fig.  1    The  polarization  ellipse  generate  from  two  phasors. 

By  using  Euler  formula  for  Eq.  (1)  and  substitute  in 
Eq.  (4),  the  ellipse  can  be  represented  as  sum  of 
positive  and  negative  angular  frequency  phasors  [19]: 


E(t)  =  Eejn'  +  E~e 


-jwt 


(7) 


Where, 


E+  =  \E+\eif 
\\E+\  +  \E-iAma  = 


,  E-  =\E-\ejv- 
\\e+\-\e~1  y/  = 


2.2  Degenerate  States  of  the  Polarization  Ellipse 

Case  1 :  The  two  orthogonal  components  are  in  phase. 
In  this  case  the  ratio  of  the  strengths  of  the  two 
components  is  constant,  so  the  direction  is  constant  this 
special  case  is  called  linear  polarization  and  the 
ellipticity  (e)  will  equal  zero: 

Case  2:  Two  orthogonal  components  have  exactly 
the  same  amplitude  and  are  exactly  ninety  degrees  out 
of  phase.  In  this  case  one  component  is  zero  when  the 
other  component  is  at  maximum  or  minimum 
amplitude.  There  are  two  possible  phase  relationships 
that  satisfy  this  requirement:  the  x  component  can  be 
ninety  degrees  ahead  of  the  y  component  or  it  can  be 
ninety  degrees  behind  the  y  component.  So  this  special 
case  is  called  circular  polarization  and  the  ellipticity  (e) 
will  equal  one,  this  case  we  will  use  it  to  represent  the 
healthy  condition  (no  fault). 

Case  3:  The  two  components  are  not  in  phase  and 
either  do  not  have  the  same  amplitude.  This  kind  of 
polarization  is  called  elliptical  polarization  because  the 
electric  vector  traces  out  an  ellipse  in  the  plane  (the 
polarization  ellipse)  and  the  ellipticity  (e)  will  be 


greater  than  0  and  less  than  1,  this  case  we  will  use  it  to 
represent  the  faulty  condition.  The  different  types  of 
faults  can  be  distinguished  by  using  the  ellipse 
parameters  (major  axis,  minor  axis,  orientation  angle 
(<//)  and  ellipticity  (e))  [20]. 

3.  Fault  Detection  and  Classification  Based 
on  Polarization  Ellipse 

3. 1  Features  Estimation  of  Fault  Signal 

We  will  demonstrate  for  general  case  then  will 
define  the  parameters  depend  on  fault  type,  for  simple 
power  systems  of  two  buses  as  shown  in  Fig.  2.  The 
three  phase  voltage  signal  is  described  by  the  Eq.  (8). 
To  satisfy  ellipse  polarization  requirement  must  get 
two  orthogonal  phasers,  so  as  to  get  this  condition  we 
can  use  Clarke  transformation  described  by  the  Eq.  (8). 
Traditionally,  power  systems  have  been  analyzed  using 
symmetrical  components,  Clarke  transformation,  or 
any  other  modal  transfonnation.  These  polyphase 
transformations  decouple  symmetric  and  cyclic 
polyphase  systems.  In  balanced  power  systems  or  in 
systems  without  a  neutral  return,  the  zero  sequence 
components  are  zero.  Positive  and  negative  sequences 
have  similar  behavior,  especially  in  symmetric  poly 
phase  systems  [21]. 

Va(t)  =  Vafcos(a)t-<pa) 

Vb(t)  =  Vhfcos(cot-<pb) 

Vc  (0  =  Vc  f  cos  {cot  -  <pc ) 


(8) 
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Fig.  2    Simple  power  distribution  system. 
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By  using  Euler  formula  for  Eq.  (8)  and  substitute  in 
Eq.  (9)  the  result  will  be  shown  in  Appendix  1 : 

Va{t)  =  Vaf  cos(cot)  =     (ert<"-*>  +e--«"-*>) 


¥_  (  J{a*-<h )  _|_  e-ji<o>-9b ) 


') 


Itc 

Vb(t)  =  Vbf  cos  (cot — — )  = 

Vc(t)  =  Vcf  cos  (cot -^-)  J-SL{j^  +e-j{'M-K)) 
For  healthy  condition  (ideal  system): 


Vaf=Vbf=Vcf=V: 


-  2 
x  =  — 
3 


,    1      V3     1  V3 

1  +  j  j  \e 

2       2     2  2 


=  Ve> 


The  trajectory  plane  will  circle  with  radius  equal  of 
rated  voltage  of  the  system,  but  for  fault  condition  we 
will  exam  that  trajectory  parameter  according  to  type 
of  fault  but  before  starting  there  some  important  points 
must  be  clarified  to  be  more  realistic. 

3.2  Single  Phase  to  Ground  Fault 

Three  different  ground  faults  (AG,  BG  and  CG)  can 
occur  in  a  power  system,  which  are  the  most  common 
fault  type,  starting  to  determine  the  ellipse  parameters 
we  must  understand  the  system  paviour  during  the 
fault: 

•  a  decrease  of  voltage  (undervoltage)  in  the  faulted 
phase; 

•  high  or  low  unfaulted  voltages,  depend  on  an 
X0/X1  equivalent  behind  the  fault.  If  the  ratio  X0/X1  is 
greater  than  1,  higher  voltage  will  occur  on  the 
unfaulted  phases.  As  an  example,  for  a  ratio  of  3,  the 
overvoltage  will  reach  about  126%  of  normal  values.  If 
the  ratio  X0/X1  is  less  than  1,  undervoltage  will  be 
experienced  on  the  unfaulted  phases.  If  ration  X0IX1 
equals  1,  the  unfaulted-phase  voltages  will  stay 
undisturbed  [22]; 

•  unfaulted  phases  are  not  identical,  there  are  some 
differences  between  them  depending  on  phase 
sequence.  As  an  example  of  AG  fault  the  effect  in 
phase  b  is  greater  than  that  in  phase  c  in  abc  sequence; 

•  for  grounding  system  or  low  impedance  fault  the 
voltage  value  between  faulted  and  unfaulted  phases  is 


high  and  voltage  value  between  unfaulted  phases  is 
also  high.  For  ungrounding  system  or  high  impedance 
fault  voltage  value  between  faulted  and  unfaulted 
phases  is  low  and  voltage  value  between  unfaulted 
phases  is  low.  Now  we  will  set  the  above  condition  in 
Eq.  (11)  to  define  the  ellipse  parameters.  Also,  we  set 
there  is  no  phase  shift  change  during  the  fault  <f>a  —  0 , 
cpb  =  2n/3  and  <pc  =  4rc/3  . 
(1)  phase  A  to  ground  (AG): 

Vaf=Vf,Vbf=8sV,Vcf=V^ 

Where, 

V 

The  orientation  angle  (v|/)  value  during  AG  Fault 

within      <  y/  <  —   are  shown  in  Fig.  3  and  major 
3  2 

axis  Ama  ,   minor   axis  Ami    at    Ss    will  equal 


Ama=V,Ami 


2Ve  +  V 


(2)  phase  B  to  ground  (BG): 


Where, 


V   =  V    V   =  S  V  V  =V 


V 


The  orientation  angle  (yj)  value  during  BG  fault 
within: 

()<(//<- 
6 

are  shown  in  Fig.  4  and  major  axis  ,  minor  axis  at  Ss 
will  equal: 


■V,Am 


2Vf  +  V 


 i  i  i_ 

Orientation  Angle 


Fig.  3    The  orientation  angle  (y/)  value  during  AG  fault. 
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Orientation  Angle  (y) 

Fig.  4    The  orientation  angle  (y/)  value  during  BG  fault. 

(3)  phase  C  to  ground  (CG): 


Orientation  Angle  fy) 


v 


of 


vf,vaf=ssv,vl 


bf 


where, 

-^-<8  <1 
V 

The  orientation  angle  (v|/)  value  during  CG  Fault 

within  —  <  w  <  —  are  shown  in  Fig.  5  and  major 
3  3 

axis  Ama  ,  minor  axis  Ami   at  8S  =  1  will  equal 

IV  f  +  V 

In  Fig.  6,  the  large  diameter  circle  represents  the 
health  (no  fault  condition)  with  diameter  equal  the 
rated  voltage),  and  the  small  diameter  circle  represents 
the  fault  condition  with  upper  limit  orientation  angles 
(\|/)  are  71 12,  71 16,  and  5tc  /  3  for  single  phase  fault  on 
phase  a,  b  and  c  respectively  also  the  major  axis  is 
equal  to  rated  voltage. 

3. 3  Double  Phase  to  Ground  Fault  and  Phase  to  Phase 

•  A  decrease  of  voltage  (undervoltage)  in  the 
faulted  phases 

•  About  an  equal  voltage  drops  in  the  faulted  phases 
depending  on  phases  sequence.  As  an  example  for 
ABG  fault  the  voltage  drop  in  phase  b  less  than  voltage 
drop  in  phase  an  in  abc  sequence. 

•  The  voltage  in  the  non-faulted  phase  remains 
unchanged  or  increase  [22]. 

•  For  grounding  system  or  low  impedance  fault,  the 
voltage  value  between  faulted  phases  is  low  and 
voltage  value  between  faulted  and  unfaulted  phases  is 
also  high.  For  ungrounding  system  or  high  impedance 


Fig.  5    The  orientation  angle  (y/)  value  during  CG  fault. 


Fig.  6  Polarization  ellipse  for  single  phase  to  ground  faults 
on  phase  a,  b  and  c  comparing  with  circulation  ellipse  (no 
fault  condition). 


Fig.  7   The  orientation  angle  (i//)  value  during  CG  fault. 

fault  voltage  value  between  faulted  phases  is  high  and 
voltage  value  between  faulted  and  unfaulted  phases  is 
low. 

(1)  phase  A  and  B  to  ground  (ABG)  and  (AB): 
Kf  =  Vf  >  vbf  =  sd  Vf ,  Vcf  =  V        The  orientation 

7t  7t 

angle  (v|/)  value  during  ABG  Fault  within  —<u/<  — 

6  3 

as  shown  in  Fig.  7  and  major  axis  ,  minor  axis  at  Ss  =  1 


will  equal  ^ 


Vf  +  2V 


(2)  phase  B  and  C  to  ground  (BCG)  and  (BC) 

V¥  =  VfVcf  =  SdVf>V<f  =  V       The  orientation 

angle  (v|/)  value  during  BCG  Fault  within  —  <w  <n 

3 

as  shown  in  Fig.  8  and  major  axis  Ama  f  minor  axis  Ami 
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Fig.  8   The  orientation  angle  (i//)  value  during  CG  fault. 

at  8S  =  1  will  equal  a  ^  =  V f  +  ^V ;  ^  .  =  y f. 

(3)  phase  A  and  C  to  ground  (ACG)  and  (AC) 
Vcf=Vf,Vaf=8dVf,Vbf=V^  The 

orientation  angle  (y/)  value  during  ACG  Fault  within 

—  <(i/<—  are  shown  in  Fig.  9  and  major  axis  Ama , 
2  2 

minor     axis     Ami      at      8     =1      will  equal 


In  Fig.  10,  the  large  diameter  circle  represents  the 
health  (no  fault  condition)  with  diameter  equal  to  the 
rated  voltage,  and  the  small  diameter  circle  represents 
the  fault  condition  with  upper  limit  orientation  angles 
(\|/)  are  K  /3,  71  ,  and  271/ 3  for  double  phase  to 
ground  fault  abg,  beg  and  acg,  respectively.  Also  the 
major  axis  value  is  less  than  rated  voltage  of  the 
system. 

In  Fig.  11,  the  large  diameter  circle  represents  the 
health  (no  fault  condition)  with  diameter  equal  to  the 
rated  voltage,  and  the  small  diameter  circle  represents 
the  fault  condition  with  upper  limit  orientation  angles 
(v|/)  are  7t  /3,  n  and  2k/  3  for  double  phase  fault 
ab,  be  and  ac  respectively.  These  values  are  the  same 
orientation  angle  value  for  double  phase  to  ground  fault 
and  the  major  axis  value  is  greater  than  or  equals  rated 
voltage,  because  the  non  faulted  phase  does  not  change 
but  in  grounded  fault  the  non  faulted  phase  will 
changed. 

Symmetrical  fault: 

V  =V   =V    =  V  => > 

V  of      Y  cf      Vbf  f 

A    =  V    A    =  V 


Fig.  9    The  orientation  angle  (i//)  value  during  CG  fault. 


Fig.  10  Polarization  ellipse  for  double  phase  to  ground 
faults  on  phase  ABG,  BCG  and  ACG  comparing  with 
circulation  ellipse  (no  fault  condition). 


Fig.  11  Polarization  ellipse  for  phase  to  phase  faults  on 
phase  AB,  BC  and  AC  comparing  with  circulation  ellipse 
(no  fault  condition). 


In  Fig.  12,  the  blue  circle  represents  the  health  (no 
fault  condition)  with  diameter  equal  to  the  rated 
voltage,  and  the  red  circle  represents  the  fault  condition 
for  symmetrical  fault  with  diameter  equal  to  the 
voltage  fault. 

Table  1  shows  that  the  nine  types  of  asymmetric 
fault  can  be  distinguished  by  orientation  angle  easily 
but  for  double  phase  to  ground  and  double  phase  can  be 
distinguished  by  using  the  major  axis.  Also  the  angle 
will  changed  based  on  fault  resistance.  Upper  limit  will 
angle  will  start  at  very  low  fault  impedance  and  will 
reach  the  lower  limit  for  varying  high  fault  impedance 
of  the  end  limit  with  max.  Besides,  for  many  buses 
system  orientation  angles  will  be  maximum  at  faulted 
bus  because  the  min  voltage  will  be  at  faulted  bus  and 
the  value  of  orientation  angles  will  decreased  the 
source. 
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Fig.  12  Polarization  ellipse  for  symmetrical  fault 
comparing  with  circulation  ellipse  (no  fault  condition). 

Table  1    Fault  feature  based  on  polarization  ellipse. 
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4.  Conclusions 


This  paper  presented  a  new  mathematical  method  to 
detect  and  classify  fault  type  in  power  distribution 
systems.  The  detection  and  classification  process 
depends  on  unique  signatures  according  to  voltage 
fault  signal.  The  above  models  are  then  used  to  design 
fault  detection  systems  that  are  proven  to  be  able  to 
detect  and  reconstruct  faults  in  near  real  time.  Both 
symmetrical  and  unsymmetrical  faults  of  various  types 
and  combinations  are  obtained. 
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Abstract:  The  purpose  of  this  study  is  to  use  magnetic  field  of  50/60  Hz  up  to  0.2  mT  for  energy  source.  This  paper  focuses  on 
magnetic  energy  harvesting  from  electrical  appliances  which  can  be  also  used  for  power  consumption  monitoring.  The  magnetic 
energy  harvesting  device  consists  of  an  energy  harvesting  module,  Cockcroft- Walton  circuit  and  storage  capacitor.  First  of  all,  typical 
magnetic  fields  around  several  electrical  appliances  are  investigated.  In  order  to  harvest  10  mj  energy,  the  shape  of  magnetic  flux 
concentration  flange  in  energy  harvesting  module  and  number  of  steps  in  Cockcroft- Walton  circuit  are  considered.  From 
experimental  results,  magnetic  energy  harvesting  of  17  mj  from  a  refrigerator  is  successfully  demonstrated. 

Key  words:  Magnetic  energy  harvesting,  electrical  appliances,  environmental  magnetic  field,  Cockcroft-Walton  circuit,  magnetic 
flange. 


1.  Introduction 

There  are  many  sensors  existing  in  living 
environment  developed  in  our  information  society.  In 
the  21st  century,  electric  power  consumption  of 
sensors  in  digital  device  has  been  decreasing. 
Nowadays,  sensor's  electric  power  consumption  is  in 
the  order  of  mW  or  uW.  Therefore,  energy  harvesting 
is  a  key  technology  for  constructing  a  wireless  sensor 
network  without  batteries,  using  environmental  energy 
as  a  power  source  [1]. 

In  previous  report  [2],  the  magnetic  energy 
harvesting  from  the  enviromnental  magnetic  fields  at 
power  line  frequency  was  proposed.  The  purpose  of 
this  study  is  to  use  magnetic  field  of  50/60  Hz  up  to 
0.2  mT  for  energy  source.  One  of  the  targets  is  the 
magnetic  field  generates  around  electrical  appliances, 
electrical  wires,  etc..  Furthermore,  the  continuous 
magnetic  field  includes  variety  of  energy  sources,  no 


Corresponding  author:  Kunihisa  Tashiro,  associate 
professor,  research  fields:  magnetic  engineering  which  includes 
magnetic  sensor,  magnetic  shielding,  biomagnetic  measurement, 
non-destructive  evaluation  and  energy  harvesting  etc..  E-mail: 
tashiro@shinshu-u.ac.jp. 


dependence  on  the  weather  and  the  enviromnental 
condition. 

The  new  energy  source  is  used  to  energize  a 
wireless  sensor  network.  The  wireless  sensor  network 
is  used  to  gather  information  on  enviromnental 
condition  by  the  Japanese  ministry  of  Internal  Affairs 
and  Communications.  The  wireless  sensor  network  is 
not  only  used  for  information  gathering  to  prevent 
disaster,  but  also  for  control  of  physical  distribution  in 
the  study  group  on  existing  sensor  network  technology. 
If  the  magnetic  field  generates  energy  source  able  to 
be  harvested  around  the  wireless  sensor,  a  new  sensor 
network  could  be  developed  without  using  new  power 
sources.  The  new  sensor  network  is  able  to  function  as 
long  as  the  existing  sensor  network  is  functioning. 
Therefore,  the  aim  of  this  paper  is  to  harvest  10  mj 
from  the  environmental  magnetic  field  to  drive  sensor. 

In  previous  report  [3],  100  mW  of  energy 
harvesting  from  a  uniform  magnetic  field  of  90  uT  at 
60  Hz  has  been  successfully  demonstrated.  This  was 
done  by  using  a  Brooks  coil  which  has  an  outer 
diameter  of  28  cm.  Table  1  shows  the  power 
consumption  of  mobile  devices  [4,  5].  These  devices 
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Table  1    Power  consumption  in  mobile  devices  [4,  5]. 


Energy  strage  circuit 


Device 

Energy  (mj/s) 

Quartz  watch 

0.005 

Wireless  sensor  node 

0.100 

Heart  rate  meter 

0.833 

Respiratory  rate  meter 

0.833 

can  be  energized  by  using  this  energy  harvesting 
system  if  about  1  mW  could  be  harvested.  Based  on 
them  [2],  it  is  found  that  such  energy  required  is 
possible  to  harvest  under  uniform  magnetic  field 
condition.  The  next  stage  is  to  harvest  energy  from 
environmental  magnetic  field. 

The  aim  of  this  paper  is  magnetic  energy  harvesting 
of  10  mJ  from  electrical  appliances.  First  of  all, 
typical  magnetic  fields  around  several  electrical 
appliances  were  investigated.  The  magnetic  energy 
harvesting  devices  consists  of  an  energy-harvesting 
module,  CW  (Cockcroft- Walton)  circuit  and  storage 
capacitor.  Because  the  induced  voltage  of  the  coil  in 
the  energy  harvesting  module  is  low,  the  shape  of 
magnetic  flux  concentration  flange  [6]  was  considered. 
Compared  with  commercial  boost-up  DC-DC 
converter  [7],  CW  circuit  has  an  advantage  in  power 
loss  [7].  According  to  previous  reports,  suitable 
numbers  of  steps  in  CW  were  also  investigated. 
Consequently,  magnetic  energy  harvesting  of  17  mJ 
from  a  refrigerator  has  been  successfully  demonstrated. 

2.  Magnetic  Energy  Harvesting  Device 

2. 1  Configuration  of  Magnetic  Harvesting  Device 

Fig.  1  shows  the  block  diagram  of  the  magnetic 
energy  harvesting  device.  It  consists  of  a  magnetic 
energy  harvesting  module,  a  CW  circuit  and  a  storage 
capacitor.  The  charged  state  of  the  storage  capacitor 
depends  on  the  constant  time  of  the  circuit.  In  this 
paper,  the  small  capacity  capacitor  of  10  mF  with  a 
low  time  constant  was  used. 

2.2  Magnetic  Harvesting  Module 

Magnetic  energy  harvesting  is  power  generation 
from  induced  voltage  when  the  environmental 
magnetic  field  crosses  a  cross  section  of  a  coil. 


Energy 
harvesting 
module 


Cockcroft 
-  Walton 
circuit 


Storage 
capacitor 


L. 


Fig.  1  Block  diagram  of  magnetic  energy  harvesting 
device. 

Fig.  2  shows  the  magnetic  energy  harvesting 
module  and  Table  2  shows  the  specifications  of  the 
Brooks  coil.  In  this  paper,  a  20  mm  outer  diameter 
was  used.  The  module  has  a  magnetic  core  and  a 
magnetic  flange.  In  Ref.  [6],  the  induced  voltage  of  a 
coil  which  had  cores  of  either  with  PC  permalloy  or 
pure  iron  was  compared.  As  a  result,  the  induced 
voltages  were  higher  in  cores  of  PC  permalloy  than 
pure  iron.  Therefore,  the  magnetic  material  was  used 
in  the  PC  permalloy.  The  outer  diameter  of  the 
magnetic  core  is  10  mm  and  the  length  is  100  mm. 
The  outer  diameter  of  the  magnetic  flange  is  60  mm 
and  its  thickness  is  0.5  mm.  The  design  procedure  of 
the  magnetic  flange  will  be  described  in  next  chapter. 

Based  on  the  Faraday's  law  of  induction  and 
Thevenin's  theorem,  the  amplitude  of  the  voltage 
source  Vm  (V)  can  be  expressed  by: 


Vm  =  2n2fna2/uo/ueffH  (V) 


(1) 


where,  /  (Hz)  is  the  frequency  of  the  magnetic  field,  n 
(turn)  is  the  number  of  coil  windings,  a  (m)  is  the  mean 
radius  of  the  coil,  is  the  mean  permeability  of 
vacuum,  /uejf  is  the  mean  effective  permeability  of  PC 
permalloy,  and  [i0  x  /uef{  x  H  (T)  is  the  mean  flux 
density  crossing  with  the  mean  cross  section  of  the 
coil.  This  means  that  induced  voltage  depends  on  the 
magnetic  flux  of  the  core  and  the  flange.  Moreover, 
the  higher  induced  voltage  obtained  the  higher 
electrical  energy  stored. 

2.3  Cockcroft-Walton  Circuit 

Fig.  3  shows  the  building  block  of  CW  circuit.  The 
building  block  of  the  CW  circuit  consists  of  two 
diodes  and  two  capacitors,  and  can  provide  twice  value 
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C(F) 


Fig.  2  Magnetic  energy  harvesting  module. 
Table  2   Specifications  of  the  Brooks  coil. 


Property 

Value 

Outer  diameter  of  flange,  c,  (mm) 

60 

Thickness  of  flange,  cs  (mm) 

0.5 

Wire  diameter,  S  (mm) 

0.06 

Mean  radius,  a  (mm) 

7.5 

Outer  diameter  of  coil,  at  (mm) 

20 

Number  of  turns,  n  (turn) 

4,280 

Inductance  of  coil,  L  (H) 

2.21 

Resistance  of  coil,  R  (Q.) 

933 

of  DC  output  voltage.  In  an  ideal  CW  circuit,  the 
number  of  building  block,  or  numbers  of  steps,  can 
make  the  multiple  the  value  of  the  DC  output  voltage. 

In  this  paper,  the  CW  circuit  component  was  chosen 
based  on  the  analysis  result  of  a  circuit  simulator 
(LTSpice,  Linear  Technology  Inc.).  In  previous  report 
[8],  the  CW  circuit  was  constructed  from  Schottky 
diodes  (1N58 1 8,  ST  Microelectronics  corp.),  and  47  pF 
capacitors.  It  was  confirmed  that  the  capacitors  of  47 
|iF  produced  low  ripple  voltage  and  fast  step  time,  and 
this  Schottky  diodes  has  a  capability  to  be  driven  in 
low-voltage.  Because  an  increasing  number  of  steps 
produced  a  decrease  in  output  DC  current,  suitable 
numbers  of  steps  should  be  decided.  From  these 
simulation  results,  the  maximum  number  of  steps  was 
defined  to  10. 

The  charged  energy,  P  (J)  in  the  storage 
capacitorcan  be  expressed  as: 


D2 


_2r 


C(F) 


0.5  cvm 


CO 


(2) 


Fig.  3   Cockcroft- Walton  circuit  (s  =  2). 

where,  C  (F)  is  the  mean  capacitance  of  the  storage 
capacitor  and  Vout  (V)  is  the  mean  voltage  at  both  ends 
of  the  storage  capacitor.  In  this  paper,  the  capacitance 
of  the  storage  capacitor  was  10  mF. 

3.  Magnetic  flange 

3. 1  Measurement  of  Environmental  Fields 

Since  electrical  appliances  are  a  target  for  magnetic 
energy  harvesting,  it  is  necessary  to  know  the 
amplitude  of  the  energy  surrounding  them.  The 
environmental  magnetic  field  around  the  electrical 
appliances  was  measured  by  using  a  magnetic  sensor 
(HIOKI,  3470).  The  distance  between  electrical 
appliances  and  the  magnetic  field  hitester  was  1 0  mm. 
Table  3  shows  the  summary  of  the  typical  value  of 
measured  magnetic  flux  density.  Because  maximum 
magnetic  flux  density  was  measured  from  the 
refrigerator,  it  was  targeted  to  harvest  magnetic  field. 

Fig.  4  shows  an  example  of  measured  magnetic  flux 
density  around  the  refrigerator  as  a  function  of 
measuring  time.  Although  the  refrigerator  was 
constantly  powered,  and  139  uT  of  magnetic  flux 
density  is  generated,  however,  it  was  unfortunately  not 
consistent.  Based  on  the  observation  of  refrigerator 
inner  components,  it  was  found  that  the  cooling  fan 
was  the  main  source  of  this  magnetic  field.  When  the 
cooling  fan  stopped,  the  magnetic  field  was  much 
lower  as  compared  with  the  cooling  fan  running.  The 
time  interval  between  the  working  and  stopping  time 
was  about  14  min. 
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Table  3  Summary  of  typical  value  of  measured  magnetic 
flux  density  around  electrical  appliances. 

Electrical  appliance  Magnetic  flux  density  B,  (uT) 

Refrigerator  139.1 

Electric  fan  51.0 

Desktop  PC  25.8 

Toaster  6.71 

Pot  1.88 

Light  (Inverter  32  W)  0.769 


Refrigerator 
(Side 


1.000 


3,00(1 


2,000 
Time.  /  (s) 

Fig.  4  An  example  of  measured  magnetic  flux  density 
around  the  refrigerator  as  a  function  of  measuring  time. 

3.2  Design  of  Magrietic  Flange 

In  order  to  design  the  magnetic  flange,  a  suitable 
area  was  investigated,  where  both  amplitude  and 
phase  of  measured  magnetic  flux  density  was 
relatively  the  same.  Although  there  were  several 
options,  a  suitable  area  was  defined.  It  was  square  area 
of  60  mm  length,  and  average  magnetic  flux  density 
was  73.2  uT.  From  this  preliminary  investigation,  the 
size  of  the  magnetic  flange  made  of  PC  permalloy  was 
prepared. 

4.  Experimental  Results 

Fig.  5  shows  the  experimental  setup  for  magnetic 
energy  harvesting.  The  energy  harvesting  device  was 
set  to  have  a  magnetic  flange.  The  DC  output  voltage 
V0ut  (V)  was  measured  at  both  ends  of  the  capacitor 
with  a  true  RMS  multimeter  (Digital  tester  1 87,  Fluke.) 
and  the  harvested  energy  was  then  calculated.  The 
harvest  time  was  14  min  and  the  number  of  steps  was 
varied  to  2,  4,  6,  8  and  10.  After  that,  the  experiment 
was  redone  without  the  magnetic  flange. 
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Fig.  5  Experimental  setup  for  magnetic  energy  harvesting. 
The  harvest  time  was  14  min  and  the  number  of  steps  was 
varied  to  2,  4,  6,  8  and  10.  After  that,  the  experiment  was 
redone  without  the  magnetic  flange. 

Fig.  6  shows  the  harvested  energy  from  a  refrigerator 
as  a  function  of  measuring  time  as  a  parameter  of 
numbers  of  steps.  The  initial  harvested  energy  was  high 
when  the  number  of  steps  is  small.  However,  the  final 
harvested  energy  was  limited  due  to  the  low  output 
voltage.  If  the  number  of  steps  was  two,  the  final 
harvested  energy  was  a  few  mJ.  In  contrast,  the  final 
harvested  energy  was  17  mJ  when  the  number  of  steps 
was  six.  Compared  with  other  numbers  of  steps,  this 
value  was  maximum. 

Fig.  7  shows  the  final  harvested  energy  from  a 
refrigerator  as  function  of  numbers  of  steps.  It  was 
found  that  the  use  of  the  magnetic  flange  made  the 
harvested  energy  high.  When  the  number  of  steps  was 
six,  the  harvested  energy  with  a  flange  was  4.6  times 
larger  than  that  without  flange.  From  the  experiments, 
the  benefit  of  magnetic  flange  was  successfully 
demonstrated. 

5.  Conclusions 

This  paper  presented  a  demonstration  of  magnetic 
energy  harvesting  of  1 0  mJ  from  electrical  appliances. 
The  magnetic  energy  harvesting  device  consists  of  an 
energy  harvesting  module,  CW  circuit  and  storage 
capacitor.  First  of  all,  typical  values  of  magnetic  flux 
density  around  electrical  appliances  were  investigated. 
Because  usable  magnetic  field  was  limited,  magnetic 
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Fig.  6   Harvested  energy  from  a  refrigerator  as  a  function 

of  measuring  time,  as  a  parameter  of  number  of  steps  in 

CW  circuit  from  magnetic  field  around  a  refrigerator. 
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Fig.  7  Final  harvested  energy  from  a  refrigerator  as  a 
function  of  numbers  of  steps.  Measuring  time  was  14  min. 

flange  for  the  energy  harvesting  module  was  designed. 
It  was  possible  to  harvest  larger  than  1 0  mJ  when  the 
number  of  steps  in  CW  circuit  was  four.  The  design 
procedure  of  magnetic  flange  could  be  also  useful  for 
magnetic  energy  harvesting  from  other  electrical 
appliances.  In  an  ideal  CW  circuit,  the  number  of  steps 


can  make  the  multiple  the  value  of  the  DC  output 
voltage  different.  However,  losses  in  capacitors  and 
diodes  should  be  taken  into  account.  From 
experimental  results,  suitable  numbers  of  steps  were 
confirmed. 

The  harvested  energy  of  10  mJ  could  activate  a 
wireless  sensor  node,  and  send  "one-shot"  signal. 
Because  the  harvested  energy  is  related  to  the  activity 
of  electrical  appliances,  it  could  be  also  used  for  power 
consumption  monitoring. 
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Abstract:  The  industrial  biomass  combustor  of  Halla  food  factory  in  Thailand  was  designed  for  drying  tuna  fish  product.  The  purpose 
of  this  paper  needed  to  present  the  design  of  a  factory  combustor  for  producing  heat  in  the  drying  process  by  thermal  energy  from 
biomass  fuel  combustion  to  reduce  the  investment  cost.  A  drying  chamber  was  made  from  four  concrete  walls  in  the  rectangular 
volume  of  4.7  x  4.7  x  2.5  m3  for  drying  tuna  fishes  that  sliced  to  small  pieces  of  around  2,680  kg  fresh  tuna.  The  hot  air  tube  in  the 
combustor  was  used  for  driving  hot  air  to  dry  fishes  in  the  drying  chamber.  Heat  from  acacia  wood  burning  in  the  combustor  with  the 
consumption  rate  of  50. 1  kg/h  was  transferred  by  the  hot  air.  The  design  result  was  calculated  for  thermal  energy  and  the  efficiency  of 
around  200  kW,  and  32%,  respectively  in  the  case  of  0.62  m3/s  hot  air  flow  rate  that  circulation  between  the  combustor  and  the  drying 
chamber.  The  experimental  result  shows  that  the  moister  content  of  78.9%wb  was  decreased  to  around  13.8%wb  in  5  days  without 
petroleum  fuel.  The  drying  temperature  was  controlled  at  70  °C  continuously  for  reducing  hard  containing,  and  the  closed  loop  tube 
design  for  the  less  of  BaP  (benzo  (a)  pyrene)  from  combustion  smoking  of  the  drying  industrial  process. 


Key  words:  Biomass  combustor,  producing  heat,  dried  tuna  fish. 

1.  Introduction 

Environmental  clean  technology  of  industrial 
production  process  is  responsible  for  making  the  most 
important  contributor  to  climate  change  by  the  fossil 
fuels  burning. 

Many  industries  face  a  crisis  of  fuels  depletion 
resulting  in  high  capital  investment  to  the  industrial 
process  that  requires  more  energy  because  the  fuel  price 
continues  to  increase.  Some  typical  forms  of  energy 
used  in  the  industrial  processes  are  electricity  and  heat  as 
elementary  energy  as  use  in  some  food  factory  such  as 
Halla  food  (Thailand)  as  shown  in  Fig.  1,  a  factory  of 
smoked  dry  tuna  fish  in  Thailand.  This  factory  is  one 
company  in  the  group  of  the  company  that  works  on 
transforming  tuna  raw  materials  into  smoked  dry  tuna 
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products,  and  finally  exports  to  Korea  for  trading. 

Tuna  industry  is  the  forefront  of  the  Thailand  export 
qualities  that  are  important  to  Thai  economy.  In  2009, 
Thailand  exported  534,491  tons  of  tuna  products,  with 
an  export  value  worth  USD  $1,676.9  million  which 
represents  about  43.2%  of  the  world's  tuna  market. 
However,  the  industrial  process  still  uses  more 
expensive  fuel  for  drying  tuna.  For  minimizing  this 
problem,  the  tuna  industry  sets  up  a  method  for  reducing 
fuel  demand  while  seeking  to  substitute  other  forms  of 
renewable  energy.  A  renewable  energy  fuel  for  burning 
is  biomass  from  acacia  timber  as  firewood  in  a  kiln  and 
produces  heat  to  dry  chamber  for  substitute  for 
electricity  or  other  petroleum  fuels.  Drying  process  is  an 
important  process  in  the  tuna  factory  production  that 
requires  heat  for  producing  hot  air  in  the  temperature 
range  of  around  50-90  °C  in  the  drying  tuna  chamber. 
Thermal  drying  of  tuna  is  characterized  by  a  high  energy 
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Fig.  1    Halla  food  (Thailand)  Co.,  Ltd.,  Rayong,  Thailand. 

consumption  of  the  industry.  Drying  of  tuna  from  wet 
material  food  to  dry  and  smoked  in  the  drying  chamber 
requires  standards  of  food  production.  The  process  of 
the  industry  includes  washing,  boiling  and  cutting  tuna, 
and  then  feeding  the  tuna  in  a  hot  dry  chamber  requires 
of  no  contamination  by  insects,  dust  and  moisture  that 
result  in  poor  quality  products.  Thermal  energy  used  in 
drying  process  from  biomass  combustion  requires  the 
cleaning  performance  from  dirty  smoke  and  some  toxic 
contamination  on  the  food  product. 

2.  Drying  Process  and  Moisture  Content 

The  process  of  tuna  drying  started  from  cutting  and 
sliced  to  small  pieces,  removed  the  product  waste  and 
then  boiled  the  fresh  tuna  raw  material  in  a  boiler 
before  drying  in  the  chamber  with  heat  and  smoke  from 
the  acacia  firewood  fuel  burning  in  a  combustor  for 
transferring  heat  by  the  hot  air  into  the  drying  chamber. 

In  the  industrial  drying  process,  the  most  energy 
consumption  was  drying  the  tuna  that  consumed 
around  90%  of  the  whole  heat  whereas  the  surplus  heat 
was  10%  of  boiled  tuna  before  drying.  The  thermal 
energy  consumption  in  the  drying  process  was 
calculated  from  the  heat  of  the  water  evaporating  from 
the  mass  loss  of  tuna  related  to  the  Eq.  (1)  from  wet 
basis  drying  [1]. 

m    —  m. 


M 


m. 


(1) 


where,  M  is  the  moisture  content,  wb;  mw  is  the  sample 
product  mass,  kg;  md  is  the  drying  mass  of  the  sample 
product,  kg. 

For  determining  the  tuna  mass  loss,  the  moisture 
content  and  the  mass  relation  was  derived  in  Eq.  (2)  as 


follow  [2]: 
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where,  Wf  is  the  final  tuna  mass,  kg;  W,  is  the  initial 
tuna  mass,  kg;  Mf  is  the  final  moisture,  wb;  M,  is  the 
initial  moisture,  wb. 

From  the  data  of  Halla  food  industry  product,  tuna 
was  dried  in  the  drying  chamber  from  the  starting  mass 
of  2,680  kg  and  the  moisture  content  of  78.9%wb  (3.74 
db)  to  the  final  mass  when  finished  with  the  mass  of 
656  kg  and  the  moisture  content  of  13.1%wb  (0.15  db). 
The  drying  curve  of  moisture  ratio  in  the  dry  basis  (db) 
was  shown  in  Fig.  2  for  describing  the  drying 
performance  of  the  product.  Finally  the  energy 
calculated  in  this  drying  data  was  4626.4  MJ  [3]. 

In  particular  of  a  drying  tuna  process  sample  from 
Halla  food  factory  was  informed  as  the  total  drying 
time  of  5  days.  In  the  first  day  the  moisture  content  of 
fresh  tuna  was  decreased  by  warm  air  in  5  h  at  the 
drying  temperature  of  90  °C,  and  left  in  room 
temperature  to  reach  the  equilibrium  point  alternately. 
Then  the  same  performance  was  repeated  in  the  second 
day,  but  the  temperature  was  reduced  to  80  °C. 
Similarly,  the  drying  process  was  continued  with  the 
same  process  of  lower  drying  temperature  at  70, 60  and 
50  °C  in  the  3rd,  4th,  and  5th  day,  respectively.  Drying 
time  in  these  three  days  was  reduced  to  4  h  and  still  left 
in  room  temperature  alternately  until  the  product 
reached  the  standard  moisture  content  of  around 
13%wb  (0.15  db)  that  corresponded  with  the  water 
activity  (avv)  of  0.6. 

Drying  cur  ve  of  Lur>^  product 


hour 


Fig.  2   Drying  curve  of  tuna  product  in  22  h  for  5  days. 
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In  Fig.  2,  the  drying  rate  of  tuna  product  is 
determined  in  exponential  fitting  curve  according  with 
the  mathematical  model  of  Henderson  and  Pebis  [4] 
when  a  is  0.982  where  the  model  is  following  (3): 

MR  =  a  exp  (-&*")  (3) 
where,  MR  is  the  moisture  ratio  (simplified  to  M/Mo); 
Mo  is  the  initial  moisture  content;  M  is  the  moisture 
content  in  dry  basis,  db. 

k=  0.132  and  n  =  1 

3.  A  Combustor  Design  for  Drying  Energy 

Thermal  energy  requirement  for  the  drying  process 
was  calculated  by  using  heat  transfer  principle  [5]  from 
the  combustion  of  acacia  wood  fuel  burning  to  produce 
heat  and  transfer  by  the  hot  air  into  the  drying  chamber. 
The  result  of  total  heat  calculation  from  each  day 
summation  was  around  4,648.7  MJ.  These  data  was 
related  to  the  fuel  mass  by  using  a  calculation  of 
heating  value  as  shown  in  Fig.  3  for  comparing  the 
maximum  energy  on  the  first  day  and  decreasing  every 
day  with  the  fuel  mass  of  250  kg  to  2.17  kg, 
respectively. 

In  Fig.  3,  thermal  energy  requirement  is  from  the 
combustion  of  acacia  wood  which  reached  the  heating 
value  of  15.8  MJ/kg.  The  combustion  air  volume  was 
determined  for  achieving  the  complete  combustion  and 
the  combustor  size.  The  volume  of  air  depended  on  the 
fuel  mass  by  the  principle  of  complete  combustion  with 
sufficient  oxygen.  A  case  of  the  fuel  of  250  kg/day  for 
drying  fresh  tuna  from  2,680  kg  to  1 ,022  kg  of  the  first 
day  consumed  the  combustion  air  of  4.54  m  /h.  Drying 
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in  the  first  day  of  tuna  was  done  for  5  h  per  day  by  the 
combustion  heat  of  790  MJ/h  from  the  firewood  of  50 
kg/h.  The  air  inlet  to  the  drying  chamber  was  calculated 
for  the  volume  of  62  m3/s  and  was  transferred  heat  to 
dry  the  product  in  the  first  day  and  decrease  in  next  5 
days  by  the  tube  in  a  heat  exchanger  that  is  located  in 
the  combustor. 

The  combustor  structure  was  fabricated  by  firebricks 
and  covered  with  concrete  in  the  volume  of  3  m  (1x2 
x  1 .5  m  )  for  the  maximum  wood  fuel  of  around  250  kg 
and  the  air  requirement  to  meet  a  complete  combustion. 
A  tube  of  diameter  of  15  cm  was  used  to  connect  the 
combustor  and  the  drying  chamber  for  driving  the  hot 
air  by  a  blower  that  is  located  in  the  tube.  A  heat 
exchanger  was  placed  in  the  combustor  for  transferring 
heat  from  the  hot  combustion  air  to  the  air  inside  the 
tube.  The  combustor  power  was  varied  with  the  fuel 
mass  from  250  kg  to  100  kg  that  produced  heat  of  219.4 
kW  to  109.7  kW  which  was  determined  by  (4): 


Q  =  m,LHV 


(4) 


1  2  3  4  5 

Fig.  3  Thermal  energy  from  fuel  burning  in  drying  energy 
process  requirement. 


where,  Q  is  the  power  of  combustion,  kW;  W,  is  the 
mass  rate,  kg/s;  M/is  the  final  moisture,  wb;  LHV is  the 
fuel  lower  heating  value,  MJ/kg. 

The  energy  of  combustor  was  transferred  by  the  hot 
air  to  dry  the  product  in  the  drying  chamber.  The  hot  air 
from  the  heat  exchanger  flowed  to  dry  the  product  with 

3  3 

the  rate  of  0.6  m 7s  to  0.1  m  /s  varied  by  the  product  as 
follow  by  Eq.  (5): 

Q  =  ma(hf-h)  (5) 

where,  ma  is  the  hot  air  flow  rate  for  drying  tuna 
kg/s;  hf  is  the  enthalpy  of  hot  air,  kJ/kg;  hi  is  the 
enthalpy  of  ambient  air,  kJ/kg; 

The  combustor  and  connection  tubes  were  installed 
by  the  design  that  mounted  the  tube  to  the  heat 
exchanger  for  transferring  heat  by  the  air  inside  the 
tube.  The  hot  air  flowed  from  the  heat  exchanger  to  the 
drying  chamber  and  circulated  in  closed  loop  back  to 
the  heat  exchanger  again  for  keeping  clean  drying  air  as 
shown  in  Fig.  4. 

The  drying  energy  depended  on  the  tuna  mass  that  it 
was  controlled  by  the  wood  fuel  mass  and  the  blower  of 
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being  that  toxic  for  consumers.  The  combustor  of 
firewood  released  this  chemical  from  the  wood  burning 
in  high  temperature,  therefore  the  food  product  would 
be  smoked  after  drying  to  avoid  toxication  from  high 
temperature  burning.  The  combustor  not  only  produced 
heat  but  also  smokes  to  meet  favorite  smell  for 
consumers.  From  Table  1  the  wood  combustor  reached 
to  the  efficiency  of  average  32%  for  high  amount  of 
thermal  energy  because  of  more  tuna  product.  In  the 
other  case  of  lower  product,  the  efficiency  result  would 
be  changed  to  about  0.22  since  the  heat  loss  increased 
by  the  vacancy  in  the  drying  chamber  expansion 
comparing  with  the  first  experiment.  In  addition,  the 
more  heat  loss  from  the  drying  process  increased  by  the 
removed  humid  hot  air  from  the  drying  chamber  by  the 
exhaust  tube. 

5.  Conclusions 

The  biomass  wood  combustor  was  designed  for 
drying  tuna  product  in  Halla  food  factory.  Tuna  fish 
was  the  raw  material  of  the  process  that  started  from 
the  moisture  content  of  around  78.9%  wb  (3.74  db)  in 
the  mass  of  2,680  kg  to  656  kg  at  the  moisture  content 
of  13.1%  wb  (0.15  db).  The  energy  was  taken  from  the 
combustion  in  the  wood  combustor  around  150  kW  at 
maximum  power  by  the  fuel  consumption  rate  of  50 
kg/h  or  250  kg/d.  Heat  from  the  combustor  was 
transferred  by  hot  air  inside  the  tube  that  was 
connected  between  the  heat  exchanger  in  the 
combustor  and  the  drying  chamber  in  the  close  loop 
circulation.  In  experiment  of  drying  6  batches  in  the 
factory  product  with  an  average  of  2337.8  kg  to  572.25 
kg  at  the  moisture  content  from  78.9%wb  (3.74  db)  to 


Fig.  4  The  wood  combustor  and  connection  tube  for  drying 
product. 

the  hot  air.  Drying  temperature  in  the  drying  chamber 
was  controlled  by  the  exhaust  tube  for  removing  the 
humid  air  from  the  drying  chamber  to  reduce  the  drying 
air  relative  humidity. 

4.  Experimental  Setup 

The  data  of  combustion  air  flow  rate  was  measured 
in  the  volume  of  280  m  /h  when  the  maximum  fuel  of 
250  kg  per  day  with  the  consumption  rate  of  50  kg/h. 
An  excess  air  was  1.23  and  the  whole  air  (280.4 

3  3 

m  7h- 140.2  m7h)  was  driven  by  the  blower  at  the  front 
of  the  combustor  into  the  combustor.  The  drying 
chamber  in  each  batch  started  to  dry  the  various  tuna 
fresh  raw  material  from  1 ,000  kg  to  over  2,000  kg.  The 
experiment  was  set  up  to  operate  the  combustor  for 
producing  heat  to  dry  6  batches  of  tuna  over  2,000  kg 
and  dry  for  7  days  to  meet  the  requirement  final 
product  with  the  high  power  performance  of  the 
combustor.  The  results  of  tuna  drying  performance 
were  shown  in  Table  1 . 

The  smoked  dry  tuna  product  was  left  in  the 
temperature  of  below  70  °C  to  prevent  high  BaP  from 


Table  1 

Experimental  results  of  drying  tuna  by  the  wood  combustor  energy. 

Number 

Starting  product  (kg) 

Final  Product  (kg) 

Drying  energy  (MJ) 

Combustor  power  (kW)  Efficiency  (ratio) 

1 

2,378 

582.08 

4092.9 

131.7 

0.35 

2 

2,472 

605.10 

4254.7 

146.3 

0.32 

3 

2,210 

540.96 

3803.7 

131.7 

0.32 

4 

2,419 

592.12 

4163.5 

146.3 

0.32 

5 

2,434 

595.80 

4189.3 

146.3 

0.31 

6 

2,114 

517.46 

3638.3 

131.7 

0.31 

Average 

2,337.8 

572.25 

4023.8 

139.0 

0.32 
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13.8%wb  (0.16  db),  the  combustor  produced  heat  on  an 
average  of  139  kW  at  the  average  efficiency  of  0.32.  In 
the  case  of  product  below  2,000  kg  the  combustor 
efficiency  reduced  to  around  0.22  from  the  higher  loss. 
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Abstract:  In  view  of  the  airborne  application  characteristics  such  as  flexible  flight,  large  error  of  altimeter,  large  initial  error  of  inertial 
navigation  system,  etc.,  a  new  terrain  matching  system  architecture  which  is  suitable  for  airborne  application  is  presented.  The  key 
techniques  in  terrain  matching  system  realizing  process  including  system  workflow,  terrain  matching  algorithm  and  selection  criterion 
of  matching  region  are  expatiated.  The  experimental  results  prove  the  rationality  and  feasibility  of  the  proposed  solution. 

Key  words:  Terrain  aided  navigation,  acquisition  probability,  applicability,  performance  evaluation. 


1.  Introduction 

TAN  (terrain  aided  navigation)  system  is  an 
important  development  direction  of  modern  aviation 
navigation  technology.  It  has  high-autonomy, 
high-precision  and  good  anti-jamming  ability,  which 
attracts  widespread  concern  and  attaches  great 
importance  to  the  international  navigation  community. 

In  the  early  1950s,  the  developed  countries  began  to 
research  TAN  principle.  During  the  1970s,  United 
States,  Britain  and  other  countries  developed  various 
types  of  TAN  systems  and  performed  a  wide  range  of 
flight  experiments.  These  TAN  systems  are  available 
in  the  1990s  [1,2].  Now  the  most  widely  used  TAN 
system  is  TERPROM  (terrain  profile  matching) 
system  developed  by  BAE  (British  Aerospace 
Corporation).  It  has  been  widely  used  in  transport 
aircraft,  bomb,  helicopter  and  other  aircrafts  and  made 
tremendous  economic  and  military  interests  [3,4]. 

The  domestic  relevant  research  institutes  also 
carried  out  basic  theory  and  applied  technology 
research  to  TAN  system  [5,  6].  There  have  been  some 
breakthroughs  and  a  wide  utilization  in  practical 
engineering  has  been  found.  However,  there  is  a  large 
gap  from  international  advanced  level  in  research 
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capacity  and  related  technology  maturity. 
2.  Terrain  Matching  System 

2. 1  Terrain- Aided  Navigation  System  Principle 

Uneven  and  different  distributions  of  surface 
features  on  the  earth  surface  form  the  typical 
characteristics  of  different  regions.  These  features 
generally  do  not  change  with  time  and  climate  and  are 
difficult  to  camouflage.  TAN  system's  basic  theory  is 
to  use  these  features  to  determine  the  location  of  the 
aircraft.  In  principle,  TAN  system  simulates  human's 
process  of  localization-memory,  observation  and 
judgment;  in  essence,  it  aligns  the  same  region's 
observational  data  of  different  sensors  in  space,  and 
determines  the  relative  displacement  between  the  two 
sets  of  data,  thus  determining  the  deviation  between 
the  position  indication  of  the  aircraft  navigation 
equipment  and  the  actual  geographical  location. 

In  accordance  with  the  working  principle,  TAN  can 
be  divided  into  terrain  height  data  matching  system 
(terrain  matching  system)  and  scene  matching  system 
which  is  shown  in  Fig.  1 . 

Terrain  matching  refers  to  the  aircraft  utilizing 
onboard  barometric  altimeter  and  radio  altimeter  to 
measure  the  topographic  profile  below  the  aircraft, 
calculating  with  the  pre-stored  baseline  terrain  in 
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Fig.  1    Terrain-aided  navigation  system  schematic. 

accordance  with  certain  correlation  criterion  to  obtain 
accurate  aircraft  position,  and  then  completing 
correction  to  INS  (inertial  navigation  system).  The 
schematic  diagram  is  shown  in  Fig.  2  [7].  Different 
from  other  integrated  navigation  systems,  terrain 
matching  system  can  only  play  the  role  of  auxiliary 
correction  to  the  main  navigation  system.  Leaving  the 
main  navigation  system,  terrain  matching  system 
could  not  provide  any  navigation  information. 

The  combination  of  barometric  altimeter  and  radio 
altimeter  onboard  is  able  to  independently  measure  the 
terrain  elevation  with  little  interference  by  the  outside 
world;  the  undulating  topography  of  the  earth's 
surface  is  independent  of  time  and  artificial  landscape 
change  does  not  occur  frequently,  so  the  preparation 
of  digital  elevation  map  has  a  long-term  application 
value.  Therefore,  terrain  matching  system  is  an 
independent,  anti-jamming  and  all-weather 
positioning  system. 

Besides,  terrain  matching  system  is  mainly  a 
software  system.  Compared  to  other  integrated 
navigation  systems,  terrain  matching  system  does  not 
require  more  hardwares,  but  it  can  improve  the 
navigation  accuracy  by  nearly  one  order  of  magnitude. 

2.2  Airborne  Terrain  Matching  System  Structure 

The  basic  working  conditions  of  terrain  matching 
system  onboard  is  that  INS  guides  the  aircraft  to  the 
matching  region  and  describes  the  direction  of  terrain 
profile  through  the  position  and  velocity,  controls  and 
measures  the  sample  points  and  completes  the 
matching  location.  A  block  diagram  of  terrain 
matching  system  is  shown  in  Fig.  3. 

In  general  literature  terrain  matching  is  considered 
as  one-dimensional  elevation  matching.  In  fact,  terrain 
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Fig.  2    Terrain  matching  system  schematic. 
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Fig.  3    Terrain  matching  system. 

matching  system  completes  horizontal  direction 
constraint  through  the  horizontal  error  of  INS,  that  is, 
it  determines  searching  area  according  to  the 
horizontal  error  of  INS.  At  the  same  time,  it  completes 
vertical  direction  constraint  by  using  altimeters' 
measurements  of  topography  profile  perpendicular. 
And  it  ultimately  achieves  the  purpose  of 
high-precision  positioning. 

In  view  of  the  airborne  application  characteristics 
such  as  flexible  flight,  large  error  of  altimeter  and 
large  initial  error  of  INS,  this  paper's  emphasis  is 
placed  on  the  error  characteristics  of  INS  and  altimeter, 
the  error  of  digital  elevation  map  preparation,  terrain 
correlation  length  and  the  matching  sequence  length  in 
the  process  of  the  program  implementation.  Besides, 
this  paper  integrates  the  above  factors  with  the  system 
solution  and  forms  airborne  terrain  matching  system 
structure  to  ensure  the  rationality,  the  feasibility  and 
the  acquisition  probability  of  the  matching  process. 

2.3  System  Workflow 

In  order  to  improve  the  aircraft's  ability  to  perform 
and  complete  the  custome-built  task,  this  paper 
divides  the  mission  which  adopting  terrain  system  into 
two  stages:  mission  preparation  and  mission 
execution. 
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The  proposed  workflow  of  terrain  matching  system 
is  shown  in  Fig.  4.  In  order  to  improve  the  aircraft's 
ability  to  perform  and  complete  the  custom-built  task, 
this  paper  divides  the  mission  which  adopts  terrain 
matching  system  into  two  stages:  mission  preparation 
and  mission  execution. 

The  main  work  of  the  mission  preparation  phase  is 
to  collect  and  analyze  the  intelligence  in  the  mission 
area,  and  plan  and  optimize  route  through  threat 
information,  then  get  the  reference  flight  path  of  the 
global  optimum.  Then  a  reasonable  matching  region  is 
determined  by  the  topographical  features. 

After  takeoff,  terrain  matching  system  comes  into  a 
waiting  state.  When  Airborne  INS  output  position  is 

Start 

,  V  , 


Read  the  matching  region  information 


Record  sensor  data  of  sampling  points 


Record  the  grid  bias  of  sampling  points 


End 


Fig.  4    Terrain  matching  system  workflow. 


located  in  the  matching  region,  terrain  matching 
system  will  transfer  the  matching  reference  data  of  the 
digital  elevation  from  the  data  memory  to  the  memory 
of  terrain  matching  system,  and  start  sampling  terrain 
elevation  data,  synchronously  acquire  the  data  of  INS 
position,  velocity,  barometric  altimeter,  radio  altimeter 
and  clock.  When  the  sampling  number  of  terrain 
profile  achieves  the  number  required,  terrain  matching 
system  starts  searching  position.  After  the  completion 
of  matching  location,  terrain  matching  system  outputs 
positioning  results  and  positioning  time.  When  the 
aircraft  flies  out  of  matching  region,  terrain  matching 
system  will  send  signal  so  that  the  terrain  matching  is 
completed  and  re-enters  the  waiting  state.  When  the 
aircraft  reaches  the  next  matching  region,  terrain 
matching  system  repeats  the  above  process. 

3.  Key  Technologies  of  Terrain  Matching 
System 

The  basic  principle  of  terrain  matching  system  is 
very  simple,  however,  because  there  is  a  certain 
degree  of  noise  in  both  the  measured  terrain  profile 
data  and  benchmark  terrain  data,  matching  process 
isn't  a  simple  process,  especially  to  achieve  the  level 
of  practical  engineering  applications.  According  to 
relevant  documents,  E-system  Company  spent  more 
than  ten  years  of  experimentation  and  analysis 
mastering  this  technology.  At  present,  domestic  and 
foreign  reference  material  are  largely  concentrated  on 
terrain  matching  algorithm  or  selection  criterion  of 
matching  region.  There  are  significant  limitations: 

(1)  The  accuracy  of  individual  terrain  matching 
algorithm  is  very  high,  but  the  value  for  practical 
engineering  applications  is  poor  due  to  the  error  of 
height  measurement  error  and  the  INS  error 
propagation  characteristics; 

(2)  The  positioning  accuracy  of  terrain  matching 
and  acquisition  probability  not  only  relate  to  matching 
algorithm,  but  also  to  selection  criterion  of  matching 
region  and  performance  of  airborne  equipment. 
General  research  only  analyses  the  impact  of  the 
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terrain  statistical  characteristics  on  terrain  matching 
performance,  while  ignoring  the  influence  of  initial 
error,  the  INS  accuracy,  barometric  altimeter,  radio 
altimeter  measurement  accuracy  as  well  as  the 
matching  sequence  length  and  other  factors,  thereby 
reducing  the  engineering  feasibility  [5]. 

In  terms  of  terrain  matching  the  credibility  of 
correct  positioning  is  more  important  than  system 
accuracy.  Therefore,  early  in  the  design  of  terrain 
matching  system  we  need  to  carefully  consider  the 
actual  working  conditions  of  the  aircraft  so  as  to 
ensure  the  rationality  and  feasibility  of  the  system 
solution. 

3.1  Matching  Algorithm 

Terrain  matching  is  essentially  a  kind  of  software 
function.  Therefore,  its  implementation  methods  need 
to  be  arranged  carefully. 

At  present,  common  terrain  matching  algorithm 
includes  the  TERCOM  (terrain  contour  matching)  and 
the  SITAN  (sandia  inertial  terrain  aided  navigation). 
TERCOM  is  based  on  the  principle  of  correlation 
analysis,  while  SITAN  is  based  on  extended  kalman 
filter  theory. 

It  can  be  seen  from  the  literature:  "Tomahawk" 
cruise  missiles  adopting  TERCOM  algorithm,  which 
has  high  maturity  and  good  effect.  In  TERCOM 
algorithm  the  purpose  of  correlation  processing  is  to 
find  a  path  on  the  stored  digital  elevation  map  which 
is  paralleling  to  the  path  of  INS  instructions  and 
closest  to  terrain  profile  measurement  value  sequences 
of  altimeters.  TERCOM  algorithm  is  the  basis  and  key 
of  the  entire  terrain  matching  system. 

This  paper  presents  a  terrain  matching  algorithm 
suitable  for  engineering  applications:  According  to  the 
planning  of  predetermined  accuracy  and  error 
characteristics  of  INS,  the  error  characteristics  of  the 
barometric  altimeter  and  the  radio  altimeter,  the 
preparation  error  of  digital  elevation  map  and 
reasonable  matching  regions,  it  completes  terrain 
contour  matching  through  the  interaction  of  terrain 


matching  system  and  onboard  control  system.  This 
paper  adopts  the  MSD  algorithm  and  COR  algorithm 
fusion  voting  mechanism  to  ensure  the  correct  match 
of  the  first  matching  point;  it  adopts  the  majority  vote 
decision-making  mechanism  as  the  technical  measures 
to  improve  acquisition  probability;  it  uses  the 
modified  MSD  algorithm  and  the  modified  COR 
algorithm  to  improve  the  matching  accuracy  and 
acquisition  probability;  forecasts  location  through 
positioning  results  and  INS  outputs,  and  then  uses  the 
weighted  average  of  the  location  prediction  and  the 
latest  matching  results  as  the  positioning  output. 

Algorithm  fusion  voting  mechanism  is  based  on  the 
following  considerations:  MSD  algorithm  is  a  distance 
decision-making  in  the  statistical  decision  method, 
while  COR  algorithm  belongs  to  the  shape 
decision-making,  in  the  case  of  no  measurement  error, 
these  two  algorithms  would  locate  in  the  same 
location.  If  INS  has  a  grid  error  when  TAN  system 
acquiring  a  terrain  profile  data,  two  algorithms  located 
in  the  same  location  is  relaxed  for  one  grid. 

Majority  vote  of  decision-making  mechanism  is 
mainly  based  on  the  design  ideas  of  the  joint 
probability,  and  restricts  the  rationality  of  matching 
results  through  two  independent  consecutive  matching 
positioning  [8]. 

Using  the  modified  MSD  algorithm  and  the 
modified  COR  algorithm  eliminates  the  systematic 
bias  in  the  measurement  of  the  barometric  altimeter 
and  the  radio  altimeter  [8,  9]. 

The  modified  COR  algorithm  is  given  below: 
1  L 

J  cor  =  t  £  trA  (0  "  ta  1  •  Us  (x  +  irx ,  y  +  ir  )-Ts] 
The  modified  MSD  algorithm  is  given  below: 

1    i  -  _  ,2 

J  MSD  =  —  2.  \[TA  (0  -  TA  ]  -  K  (*  +  i*,  ,y+i*y)-Ts]\ 

L  j.i 

In  the  formulae,  L  is  the  number  of  calculated  data 
points,  and  has  some  connection  with  correlation 
processing  of  the  terrain  contour  length.  Ta(0  is  NO. 

i  terrain  height  value;  i  =  l,2  L,  Ts(x  +  iTx,y  +  iry)is 

NO.  i  terrain  height  value  of  the  digital  elevation  map; 
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x,  y  are  the  coordinates  of  the  center  of  selected 
matching  grid;  *x,*y  are  the  distances  between  two 
adjacent  sampling  of  the  aircraft  flying  in  the  two 
coordinate  axis,  f  A  is  the  mean  of  the  L  calculated 
terrain  height  values,  f  s  is  the  mean  of  the 
L  elevation  values  of  the  digital  elevation  map. 

The  calculation  of  the  optimal  path  maximizes 
J  cor  and  minimizes  J  mad  and  J  msd  . 

3.2  Selection  Technology  of  Matching  Region 

In  terms  of  terrain  matching  system,  there  is  always 
a  limit  which  can  broadly  divide  the  terrain  into  the 
regions  system  working  in  the  areas  affected  by  noise 
restrictions.  Therefore,  there  is  an  urgent  problem  how 
to  evaluate  and  plan  the  matching  region  to  ensure  the 
acquisition  probability. 

The  effect  of  terrain  matching  system  is  closely  and 
inseparably  related  to  the  selection  of  matching  region. 
It  can  be  said  that  the  suitable  matching  region  will 
directly  affect  the  positioning  accuracy  and  the 
acquisition  probability.  Therefore,  proper  planning 
and  strict  identification  to  the  matching  region  are 
necessary. 

When  studying  the  selection  criteria  of  matching 
region,  we  need  to  consider  a  variety  of  problems 
contained  in  the  aircraft  mission  planning  such  as 
working  conditions  and  terrain  parameters  which 
contain  the  undulating  topography  standard  deviation, 
terrain  roughness,  terrain  correlation  length 
surrounding  the  expected  route,  as  well  as  the 
matching  algorithm,  the  measurement  error  of  height 
sensor,  the  preparation  error  of  digital  elevation  map 
and  INS  error  characteristics  [3].  Considering  all  these 
factors  a  reasonable  matching  region  is  then 
determined. 

3.3  Modeling  Technology  of  Altimeter  Error 

The  barometric  altimeter  could  provide  height  of 
above  mean  sea  level  and  the  radio  altimeter  could 
provide  heights  relative  to  ground.  The  terrain 
elevation  below  the  aircraft  could  be  acquired  through 


a  combination  of  the  radio  altimeter  and  barometric 
altimeter.  Because  barometric  altimeter  and  radio 
altimeter  are  the  measurement  equipment  of  terrain 
matching  system,  the  measurement  accuracy  directly 
determines  the  performance  of  terrain  matching 
system.  The  test  and  error  modeling  of  these 
altimeters  are  critical  techniques  in  studying  the 
terrain  adaption  capacity  of  altimeters  and  improving 
the  performance  of  TAN  system. 

In  the  general  study,  the  system  noise  is  determined 
by  prior  knowledge.  In  order  to  test  the  validity  of 
these  indicators,  the  actual  noise  based  on  flight  test 
data  should  be  calculated. 

3.4  Inertial  Navigation  System  Technology 

INS  is  the  final  amendments  object  of  the  terrain 
matching  system,  and  it  is  also  an  important  part  of 
the  terrain  matching  system  as  well  as  normal  working 
premise.  In  practical  application  we  should  ensure  that 
the  aircraft  could  enter  the  scheduled  matching  region, 
and  do  not  deviate  from  the  matching  region  before 
the  completion  of  positioning.  The  accuracy  of  INS 
determines  the  size  of  the  searching  area  and  the  size 
of  the  searching  area  determines  the  acquisition 
probability.  Thus,  mastering  the  performance  and 
analyzing  the  error  sources  of  INS  are  also  critical 
techniques  of  the  terrain  matching  system. 

3.5  Error  Distribution  Technology 

Corresponding  to  the  requirements  of  acquisition 
probability  and  matching  accuracy  which  are 
combined  with  the  basic  principle  of  terrain  matching 
system,  we  can  initially  fix  the  signal  noise  ratio  of  the 
terrain  matching  system.  Further,  according  to  the 
current  technical  level  of  the  related  equipments,  with 
the  help  of  the  requirements  of  SNR,  we  can  allocate 
the  various  errors  in  the  system,  such  as  digital 
elevation  map  preparation  error,  the  requirements  of 
INS  accuracy,  the  requirements  of  height  sensor 
accuracy,  the  requirements  of  matching  computer 
performance  and  so  on. 
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4.  Verification  Test 

In  terms  of  the  technical  characteristics  of  terrain 
matching  system,  we  developed  a  prototype  of  terrain 
matching  system,  completing  the  design  and 
development  of  terrain  matching  system  software,  as 
well  as  the  load/delete  of  digital  elevation  map,  the 
download  of  matching  data,  the  programs  curing  of 
terrain  matching  system,  and  other  accessibility 
software  development,  fulfilled  the  mathematical 
simulation,  the  semi-physical  simulation  system  and 
the  ground  experimental  setup. 

In  order  to  verify  the  technical  feasibility  of  the 
proposed  system  solution,  we  verified  the  system's 
functionality  and  performance  with  the  help  of  the 
actual  digital  elevation  map.  Four  matching  regions  are 
chosen  initially,  and  each  matching  region  is  40  km  x 
20  km.  A  chose  matching  region  is  shown  in  Fig.  5. 

Table  1  is  the  statistical  mean  and  standard 
deviation  of  elevation  in  the  map  area,  and  the 
acquisition  probability  (when  matching  error  is  larger 
than  one  grid  mismatch  will  happen,  the  grid  is  100  m 
x  100  m).  In  view  of  the  statistical  results,  the 
technical  solution  is  reasonable  and  feasible.  The 
program  simulates  INS  ground  speed  error,  heading 
error,  position  (longitude  and  latitude)  error  entering 
the  matching  region,  radio  altimeter  measurement 
error,  barometric  altimeter  measurement  error  and  so 
on.  Then  we  acquire  the  statistical  properties  of  the 
terrain  matching  system. 

In  Fig.  6,  the  red  line  indicates  the  measurement 
value  sequences  of  the  terrain  profile  while  black  lines 
represent  the  sequences  of  the  searching  terrain  profile. 
The  abscissa  axis  is  the  number  of  sampling  points 
and  the  vertical  axis  is  the  terrain  elevation. 

In  the  system  algorithm,  we  center  on  the  location 
indicated  by  INS  at  the  moment  of  sampling  points, 
use  6o  range  of  the  estimated  INS  error  as  the 
searching  area,  completing  correlation  matching  of 
every  possible  path  in  the  searching  area.  In  order  to 
study  the  interaction  of  INS,  altimeters  and  matching 
computer  working  at  the  same  time,  some  introduced 
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Fig.  5  Terrain  elevation  map. 
Table  1    Verification  results. 


Case 

Mean  of 
elevation  (m) 

Standard  deviation 
of  elevation  (m) 

Acquisition 
probability 

1 

1,419 

126 

100% 

2 

1,485 

113 

92% 

3 

1,357 

128 

94% 

4 

1,484 

135 

94% 

Sampling  points 
Fig.  6    Searching  terrain  profile  diagram. 

error  factors.  We  made  further  efforts  to  develop 
matching  computer  and  verify  the  physical  interface 
and  protocol  validation  of  terrain  contour  matching 
system  through  the  actual  INS,  altimeters,  digital 
elevation  map  and  other  equipments.  The  ground 
testing  and  logic  verification  of  the  entire  system  were 
done.  The  experimental  results  prove  the  rationality 
and  feasibility  of  the  proposed  solution. 

5.  Conclusions 

Terrain  matching  system  as  an  ideal  correction 
system  has  the  characteristics  of  high-autonomy, 
anti-jamming  and  high-precision,  having  been 
successfully  applied  in  cruise  missiles  and  tactical 
aircraft  acquires  a  great  deal  of  value  and  economic 
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benefits.  Looking  at  the  existing  research  progress,  it 
is  recommended  as  soon  as  possible  to  study  airborne 
terrain  matching  system  application  technology, 
especially  in  improving  the  system  engineering 
reliability  and  environmental  adaptability  to 
accommodate  the  needs  of  modern  navigation. 
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Abstract:  Surface  tension  of  fluids  is  crucial  for  multiphase  systems  and  is  often  controlled  during  industrial  processes  by  introducing 
surfactants.  In  this  study,  effect  of  various  microwave  radiation  modes  on  surface  tension  of  water  was  investigated  as  an  alternative 
physical  method  to  manipulate  the  surface  tension  without  using  chemicals.  It  is  found  that  surface  tension  decreased  quickly  while 
temperature  increased  during  microwave.  Once  the  radiation  was  turned  off,  the  temperature  returned  rapidly  as  expected.  However, 
surface  tension  did  not  recover  so  much.  The  minimum  surface  tension  after  microwave  radiation  depended  on  the  power.  Moreover,  a 
second  radiation  can  have  additional  reduction  on  surface  tension. 


Key  words:  Microwave,  surface  tension,  water  memory. 

1.  Introduction 

Application  of  microwave  irradiation  for  chemical 
processes,  such  as  emulsification  and  polymerization, 
has  been  reported  [1,  2].  Surfactant  free  emulsion  can 
be  produced  with  the  help  of  microwave  irradiation. 
Surface  tension  is  an  important  property  for  the 
industrial  process  such  as  foaming/defoaming, 
wetting/dewetting  and  flotation.  Similarly,  the 
interfacial  tension  plays  a  crucial  role  in  separation  and 
mixing  process  of  two  immiscible  liquids,  which  are 
important  unit  operations  in  chemical  engineering.  In 
practice,  surface  and  interfacial  tensions  are  often 
altered  by  introducing  surfactants.  Surface  tension  of 
water  depends  on  hydrogen  bonding  of  the  water 
molecule.  The  decreasing  surface  tension  with 
temperature  increasing  has  been  measured  and  reported 
in  Refs.  [3,  4].  Temperature  effects  on  hydrogen 
bonding    were    discussed    by    Shin-Pon    Ju  and 
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co-workers  [5].  On  the  other  hand,  specific  property  for 
surface  tension  of  water  droplet  under  magnetic  field 
was  found  in  previous  research  [6]. 

In  our  previous  research,  specific  property  for 
surface  tension  of  water  droplet  under  microwave 
radiation  was  found  [7].  For  example,  lower  surface 
tension  after  the  radiation  was  measured  and 
maintained  for  a  long  time.  The  formation  of 
nano-bubble  might  be  the  reason  behind  the  surface 
tension  reduction.  However,  the  exact  mechanism  is 
not  clear.  This  study  investigates  the  influence  of 
microwave  radiation  modes  on  surface  tension  of 
water. 

2.  Procedure 

Fig.  1  is  the  schematic  diagram  of  the  microwave 
reactor  (designed  and  built  by  Shikoku  Instrumentation 
Co.,  Inc.)  from  side  view  and  3D  view,  respectively. 
Pendant  method  was  employed  for  the  measurement  of 
surface  tension  of  water.  Since  metal  is  not  microwave 
friendly,  Teflon  pipe  with  the  dimension  of  1  mm  inside 
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MICROWAVE 


TEMPERATURE  PROBE 

^  '  


(a)  Side  view 

Teflon  pipe 


Microwave 


Water  droplet 


ght  source 


(b)  3D  view 
Fig.  1    Experimental  apparatus. 

inside  and  2  mm  outside  diameter  (and  1.4  cm  long) 
was  chosen  for  the  experiments.  Droplet  was  produced 
via  injection  syringe  with  exactly  25  micro  liter  of 
distilled  water.  Temperature  was  measured  with  the 
help  of  temperature  measurement  equipment,  designed 
by  Anritsu  meter  Co.,  LTD  (device  model:  FL-2000 
Optical  fiber:  FS100-M),  which  was  inserted  from  the 
top  of  the  reactor  to  check  the  temperature  inside  the 
droplet  during  microwave  irradiation. 

Water  droplet  was  suspended  from  the  top  of  the 
microwave  reactor.  Light  source  was  used  from  one 
end  of  the  microwave  reactor  and  high  speed  camera 
(Sigma  Koki  Co.,  LTD  Model  SK-TC202USB-AT) 
was  employed  from  the  other  end  to  capture  the  shape 
of  the  droplet.  Analysis  of  experiments  is  as  follows: 

(1)  initially  capturing  of  the  image  before 
microwave  irradiation  to  measure  initial  surface 
tension  of  the  water  droplet. 

(2)  capturing  of  the  images  during  and  after 
microwave  irradiation  for  all  experiments. 

Two  kinds  of  experiment  were  conducted  as  shown 
in  Table  1 . 


Table  1    Experimental  conditions  for  surface  tension. 

No.  1st  radiation  (W)  2nd  radiation  (W)  Radiation  time  (s) 


600 
450 


150 
150 


120 
120 


ADSA  (axisymmetric  drop  shape  analysis)  in  Fig.  2 
was  employed  to  measure  initial  surface  tension  of  the 
droplet  and  droplet  images  captured  during  and  after 
microwave  irradiation.  ImageJ  software  [8]  was  used  to 
edit  droplet  images  to  make  it  compatible  for  ADSA 
software  prior  to  analyzing  droplet  image  under  ADSA 
software  [9,  10]. 

3.  Results  and  Discussions 

Fig.  3  shows  surface  tension  of  water  droplet  for 
different  radiation  power  as  a  function  of  time  and 
temperature.  Solid  symbols  and  unfilled  symbols  show 
values  during  radiation  and  after  radiation,  respectively. 
First,  surface  tension  profiles  of  first  radiation  (600  W 
and  450  W)  are  considered.  During  the  microwave 
radiation,  the  temperature  increased  as  expected.  The 
surface  tension  decreased  significantly  as  well.  Once 
the  microwave  is  turned  off  (at  120  s),  the  temperature 
dropped  quickly  to  the  room  temperature,  whereas  the 
surface  tension  recovered  slowly.  However,  surface 
tension  did  not  recover  to  the  original  value.  Instead, 
the  surface  tension  becomes  almost  constant,  which 
depends  on  the  radiation  power.  During  the  radiation, 
temperature  is  expectedly  varied  greatly  between  the 
surface,  which  is  equilibrium  with  room  temperature, 
and  the  droplet  center,  which  is  almost  boiling 
temperature.  Accordingly,  during  the  radiation,  surface 
tension  is  larger  than  reference  values  [3,  4].  On  the 
other  hand,  after  the  radiation,  the  values  are  below  the 
references.  The  data  after  microwave  radiation  clearly 
demonstrated  the  non-thermal  behavior  of  surface 
tension. 

Secondly,  surface  tension  of  water  droplet  for 
second  radiation  (150  W)  was  included  after  the  first 
radiation.  Second  solid  symbols  mean  surface  tension 
during  second  radiation.  Surface  tension  becomes 
lower  than  the  constant  values  of  first  radiation  after 
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(a)  Drop  profile  (b)  Smoothed  edges 

Fig.  2  ADSA  method  for  final  surface  tension  measurement. 
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Fig.  3     Surface  tension  of  water  droplet  for  multiple 
radiations  as  a  function  of  time  and  temperature  (solid 
symbols:  during  radiation,  unfilled  symbols:  after  radiation). 


the  second  microwave  is  radiated.  The  reduction  ratio 
is  about  4  mN/m.  It  is  similar  with  that  of  single 
radiation  of  150  W  [7].  It  means  that  water  molecule 
structure  has  not  reached  equilibrium  and  microwave 
effect  of  the  second  radiation  can  reduce  further.  The 
second  radiation  was  more  effective  than  single 
radiation  (as  the  recovery  degree  of  surface  tension 
after  second  radiation  is  smaller). 

The  data  clearly  indicated  a  non-thermal  effect  of 
microwave  on  water  surface  tension.  The  lasting 
impact  of  MW  can  be  explained  by  current  knowledge 
of  magnetic-induced  effect  on  water  surface  tension  [6]. 
Independent  studies  have  shown  that  water  retains 
some  "memory"  after  exposing  to  magnetic  field.  Since 
the  electromagnetic  component  of  the  microwave  is 
also  varying,  it  is  expected  that  the  net  impact  is 
similar. 

Recently,  studies  on  surface  water  have  shown  that 
the  outmost  layer  of  the  water  molecules  has  25%  less 
than  hydrogen  bonding  [11,  12],  whereas  hydrogen 
bonding  at  the  interfacial  layer  plays  a  deterministic 
role  in  surface  tension  [13].  Consequently,  a  rapid 
change  can  be  expected  in  surface  tension  if  the 
outmost  water  molecules  are  changed.  It  is  also 
noteworthy  that  microwave  can  only  penetrate  1.4  cm 
deep  into  water  and  entire  droplets  in  this  study  were 
influenced  by  microwave.  Accordingly,  the  behavior 
can  be  explained  by  the  formation  of  nano-bubbles 
inside  the  water  droplet  due  to  homogeneous  heating 
[14-16].  Nano-bubble  is  normally  produced  by  high 
shear  flow  and  ultrasonic  because  network  of  water 
molecule  is  organized  at  a  molecular  level.  It  can  be 
created  by  microwave  in  a  similar  manner  because  of 
water  molecule  rotation.  Water  molecule  is  arranged  by 
strong  absorption  of  microwave  because  droplet  size  is 
smaller  than  penetration  depth.  These  nano-bubbles  are 
negatively  charged  and  might  reduce  surface  tension.  It 
is  kind  of  "impurity  effect"  which  generally  reduces 
the  surface  tension.  Since  nano-bubble  is  more  stable, 
the  surface  tension  remains  the  lower  value  for  longer 
time  after  the  radiation.  Moreover,  nano-bubble  is 
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produced  additionally  through  the  second  radiation, 
surface  tension  becomes  lower  than  constant  values 
after  the  first  radiation.  On  the  other  hand,  extinction  of 
thermal  effect  because  of  temperature  drop  after  the 
radiation  might  be  the  reason  why  surface  tension 
recovers  a  little  after  a  second  radiation. 

4.  Conclusions 

The  surface  tension  and  temperature  of  water  droplet 
were  measured  directly  under  various  microwave 
irradiation  modes.  It  was  found  by  thermal  effect  that 
surface  tension  decreased  quickly  during  microwave. 
However,  surface  tension  recovery  was  much  slower 
than  temperature  after  radiation  is  off.  For  the  highest 
power,  the  surface  tension  remains  lower  values  for 
more  than  five  min.  It  is  conclusive  that  the  surface 
tension  reduction  is  not  due  to  thermal  heating. 
Moreover,  a  second  radiation  is  more  effective  for  the 
surface  tension  reduction.  The  results  showed  that 
water  was  changed  structurally  at  molecular  level 
during  the  microwave,  and  retained  some  "memory" 
after  microwave,  which  might  be  caused  by 
nano-bubble.  These  direct  and  indirect  effects  by 
microwave  will  play  important  roles  for  the  application 
in  multiple -phase  processes. 
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